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General Description of the Technnlnpv 

The present inventors have proven that NEMO constitutes a preferential target for the 
search for drugs inhibiting the NF-kB signaling path, because this protein acts upstream from 
the NF-kB activation path. The role of NEMO and its various domains was partially studied 
and published in the following article, "NEMO trimerizes through its coiled-coil C-terminal 
domain." J Biol Chem, 2002 May 17;277(20):17464-75. AgouF.etal.,acopyofwhichis 
incorporated by reference and is filed herewith. 

In the present invention, the inventors have synthesized peptides which mimic either 
the oligomerization domain (CC2 domain - approx. 40 residues), or the LZ motif (LZ domain 
= approx. 40 residues). The combination of these peptides alters either the oligomerization of 
NEMO or the combining thereof with the proteinic effector, in both cases inhibiting the NF- 
kB pathway. 

In an aspect of the present invention, peptide drugs have been chemically combined 

t 

with a peptide of 16 amino-acids in length, (penetratin/antennapedia), thereby enabling 
intracellular transport thereof possible. The resulting peptides also may be chemically 
coupled with a fluorescent tracer in order to monitor internalization into B lymphocyte cell 
lines through FACS. 

The action of these peptides was tested direcdy on B lymphocytes having stably 
integrated the beta-galactosidase carrier gene also bearing upstream from its promoter several 
NF-kB transcription factor (Clone C3) activation sites. 

The present inventors have successfully been able to monitor the inhibitory effect of 
these peptides by measuring the same following stimulation of the B lymphocytes by LPS. 

The results as a whole reveal that the presence of the peptide mimicking the "CC2" 
motif reduces the NF-kB activity by 70% as compared with a control peptide at a relatively 
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low dose of 20 uM. At this concentration, the effect of the "Leucine zipper" peptide is still 
more significant, since its presence in the medium completely eliminates cell response. 

These new inhibitors of the NF-kB cellular signalling path offer a major advantage as 
anti-inflammatory compounds and also as anti-tumor compounds, which may be used for the 
treatment and/or prevention of cancers and other disorders. 

The present invention relates to compounds, peptides, or compositions that are used 
for modulating the oligomerization of NEMO. In particular, the peptide compqunds 
described in the manuscript entitled "Selective inhibition of NF-kB activation by peptides 
designed to disrupt NEMO oligomerization" by Agou et al, which constitutes in significant 
part the context of the present invention and is incorporated by reference in its entirety. The 
peptides may be in an isolated or coupled form with or without a vectorizing agent 

It is to be understood that the present invention also embraces peptides having at least 
70% homology to those described in Agou et al, so long as the homologs possess said 
inhibitory activity. Methods for assessing activity are provided in the attached and 
incorporated references. The peptides of the present invention and the doses thereof are 
deemed to possess inhibitory activity when the NF-kB activity is reduced by at least 70% as 
compared with a control peptide. 

The present invention also relates to pharmaceutical compositions containing said 
peptides, especially for the preparation of medicines used for the treatment of cancer. 

Also embraced by the present invention are methods of obtaining, making, and 
identifying peptides and compounds that inhibit the NF-kB signaling pathway, in particular 
by means of the 70Z/3-C3 cellular line filed with the CNCM. 

All of the contents of the references and papers submitted herewith are incorporated in 
their entirety in the present application and form the basis for the present invention. 
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Analyse do domain* d'olIgomSrfaatt on de la proline NEMO impUqu£e dans la Ro %/ZL 

ration debj vole NF-kB , 



p.ThMBffan&B.Vfr 1 l »°- c aitohl A. Israel 2 , M. VeW &F. Agou 1 

' Wtfltf <fe RtguJaiiin Enrymatiqus dsaAeOvitis Celltdatres, CNRS VRA 2183. 3 Urdti de Bfologig 
Moteculainde PEpresslon Ginlque, CNRS UJU 2582, Institut Pcutsur. 25 tub da Dr. Rosa 75724 
Paris cedex 15. 

Email : traincat@pasteiirjr 

Lb prottfne fofiMO (#F-xff essentiet modulator) qui Joac un rQla crucial dans I'activation do la vole NF-kB (IX est assooiee 
aux proteins kinases IKK-a ct pour former le complexe muMprotdique KK. Blen qua le mods d'activation dTKK reate 
encore pea comprfs, factivatlon des kinases ircplique probabiement unc phosphorylation en trans das deux kinases iaduita par 
!°Smf 011 NEMO. Nous avons montrf que le domain* Criminal (residua 241-388) est le domain* de trimerisati n 
de NBMO (2). L'examen de la sequence polypeptldlque indique que ee domaine est compose* de deux motifs coiled-coils en 
, ™ ff*? ** LZ). A 1 ™ motif riche en proline et dta motif en dolgt de zinc (ZF) sitae* & I'extremrm C-cnnlnale do la ehslne 



Nous avons produit chez £ colh et purifie a homoge*niite, des formes tronquees de NEMO contemmt des comblnaisons de ees 
monfi et odes avons compare leurs proprie^s ^assemblage par des experiences de filtration but gel et de segmentation a 
requIUoxe. Les xesuitats Indlquent que le motif riche en proline et le motif ZF ae participant pas a roligomerisatioa de MEMO 
puisque to segment tt CC24-Z*\ delete* de ces deux Elements, presents une constonte ^association trfm&f quo idcntique & ealle 
de Is prowme sauvage. Nous avons aiors recherche" lequel des motifs °coiIcd«coH" goaverne IHomo-asscciation enutilisantdes 
peptides de feynth&se miraant les motlft CC2 ou LZ, Le peptide CC2 forme on homotrimere da 12.S kDa, aiors que le peptide 
LZ s"assoaiq en homodimexe de 10 kDa. Leurs constants 9 d'assoointion sont cepcndant tres fortexnent diminuees par rapport & 
^* u J!g**? CC2-LZ (100 rbU pour CC2 et 40 fob pour LZ), auggtent que le motif LZ partlelpe a la formation du 
famare CCfrLZ. Lorsque que les deux peptides CC2 et LZ sont combing ils ferment un Mttohexamere stable. Leur 
interaction q e» confirmed par polarisation de fluorescence au moyea de peptides couples an Bodipy. 
* 

L^nsembledeces xesultats Indique que le domaine de triroerisation de NEMO est un h&erobexamere resultant o*Tnteractfons 
tiomo- et hStfiroryplques des coifed-coils LZ et CC2. La parents structurale de cette proteine qui paiticipe & la reponse 
tamunitajpa avee la rarollle des eoto-domaines des protemes d'enveloppes vjralea de type I sera dlscutee. 

(1) & Yamceoka et aL, 1998 Cell 93, 1231-1240. 

(2) P. Agdu et bI. 2002. J.BioLChem 277, 17464-17475. 
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Date: Wed, 24Sep 2003 14:14:51 +0200 
To: mgfabfy@pasteur.fr 
From: Fabrics Ag u <tagou@pasteur.fr> 
Subject: Fwd: Infos pratiques : Congres annuel de la SFBBM 



X-Sender. gepurjon@maJI.ibcp.fr 
Date: Wed, 24 Sep 2003 1226:06 +0200 

To: (Recipient list suppressed) => 

From: Christophe Geourjon <c.geourjon@lbcp.fr> 
Subject InfoS pratiques : Congres annual de la SFBBM 

X-Spam -Status: No. hite=2.9 tagged_above=-999.0 required=5.0 teste=HTML 40 SO, 
HTMLJVIESSAGE, MlME_HTML_ONLY. MIME_LONGJJNE_QP. TO MALFORMED 
X-Spam -Level: *• 
Bonjour, 

Nous sommeis malntenant d'un peu plus d*un mois du prechain congres annuel de la SFBBM. II est 
done temps de penser aux aspects d'lntendance. 

Ce mail vousiconfmme que votre inscription a bien ete enregistree pour le congres : "Post- 
genomique r de la protebie aux molecules bio-actives" les 4 et 6 novembra 2003 sur le BloPfif 
de Lyon-Gerland. 

Nous vous rsppelons qu'une liste tfhotels est disponibte sur le site du congres 
n^-Jfan^.lHeD.fr^PBBM/html/infe»9.htmlV Ne tenter pas trap a eftectuer vos reservations, les 
hotels so sltuant aux alentoura du centre stent dejd presque complete. 

Ueu du congres : Amphitheatre Charles Merieux (Grand Amphitheatre de I'ENS Science), Allee 
d'ltalie. 69 007 Lyon. Le BloPOle de Lyon-Gerland se sltue au sud da la Vilte de Lyon, pres du stade 
de Gertand. Un plan de situation general est disponibte a Fadresse : 
btto://www.ibeo.fif/SFBBM/pictff»ian tjeBOfidj, un plan d'acces du quarter est disponible a 




: ntte7/www.ibcp.f^FBBM/ P tfit/Wan Quartter.pdf 

Durant to congres, il est possible de taisser un message a votre intention au secretariat du 
congres : 04 7^2 72 so 84 

Posters : Les dimensions maximales sont de 05 cm en largeur et 180 cm en hauteur. 

Pour ceux qui le desfrent, des fiohes congres SNCF (-20%) sont disponibles ; nous les demander 
par mail 

Le programme est disponibte sur te site du congres 

imoUfwvwMco.frJSFBBWhtmVnmaramma htmh Le congres debute le mardi 4 novembra a 9 



heures pour s'achever le mercredf 5 novembra a 18 heures. 

Nous eommejs 340 participants. II est encore possible de slnscriie Jusqu'au 30 septembre sur le 
site Internet du oongrfes : httpy/www.lbcp.fr/SFrBBM. Vous trouvenez sur oe m§me site les 150 
fdsumte des communications qui serant presentees. 

Dens I'attente de votre venue d Lyon, 
Cordlalement 



Michel Desmadril et Christophe Geourjon 



Imprime pour MERCEDES GARCIA-PABRY <ingfabry@pasteur.fr> 
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Of. Chrlstophe Geourjon, PhD ' o00o ^"y tS?§S) (0)4 72 72 28 47 
PoleBi Infbrtnatique Lyonnais | Fax : (33) (0)4 72 72 26 04 
IBCP - CNRS fUMR 5088 ] e-mail : cgeourlon@ibop.fr 

7, Passage du Vereora I http://www.ibcD.fr 

69 367 Lyon dedex 07. France | http:/frbH.lbcD.ft 
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INSTITUT PASTEUR 



Direction d£ la Valorisation et des Fartenariats Industries 
Service des Brevets et Inventions 



N«de«ncertation , i liS-lff 
Date ££(1.02. 



DECLARATION DTNVENTTON N 9 ' : «&np3-29 
Dam £ AslCHAso JSLfO 3 

DaiMe BERNEMAN 
U/l^ ChefauSwtetfesBmwls 



atnventtona 



1 Artmplir obU^atoir&mcni par U RtMs do Valorisation (doe A) 

2 A rempttr obtigatoiranatpar U Service des Brevets et Inventions 

1-DOSSQSR ADMINISTRATES* 



1.1 Tltre de Vinvention : 

Nouvelte classe dinhibitcura sp&ifiquea de la voieNF-kB • 



agfcwnt sur la proteuxe NEMO. 



1-2 Inventeurs : 

Indlquer let nom3 dans I'ordre devant figure? sur h texte de la demands de brevet. 




Invenfear. Norn \ Prenoms : 
■ AGOU Fabrics 

Domicile : 21 avenue du Bel*Air 75012 PARIS 


Nationality : 
Fran pa fee 


Oiganisme employcur : INSTITUT PASTEUR 
FcmctiQcsexfijcees : Oiflrgd de Rficnercho LP. 


Date da contra* de travail: 01/08/199 
ou da contrat de stage & IIP 8 


# 

□ a 


- n n. 


f campus Pasteur, nam du laborototre etprictersiunttgassoctie 

Units Regulation Enzymatique das Actfviafa Cellukires, Opt Biologle Struoturalo et Chimie, Institul Pasteur, 25 rue dn Dr. 
Roux 75724 Paris cedex 15 
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1*2 In ven tears t 

fadiqusr les riortu dans I 'ordre devant figure? sur la textc de la demands de brewt. 



Invanteor: ; Norn : 



. COURTOIS 
Domicile: 157 rue de Menflmontaot - 75020 PARIS 
Organtomc employcur : I.KSXJIM 



FrenomB : 
Gflles 



Nationality: 



Fonctions exercies : 



Date du contrat de travail : 

Ottdu centra* tie stase&riP 01/09/92 



t campus Pasteur, nam du labaratoire et priciser si units' autocide ' " 

Unite* de Bioipgie Molfirulalrc dcVejipression gemo^bpt Biologic Celtolaire et Infection. n 
25 rue duDocitcurRoux, 75724 Paris cedex 15 ^ 



Nationality: 



1-2 lovea tears: 

Indiqu&r fes fujms dans I 'ordre devantfigurer sur le texte de la dm ande da brevet. 

Inventor 'Nam: Precoma: 

' ISRAEL Alain 
Domicile: : 20 rue Dagoerre - 75014 PARIS 
Orgadsmeemployeur: INSTTTUT PASTEUR Date dueontratde travail • 

Pennons exejcfcs: Directs c^revaluato wdu contrat desta^e a W 01/01/83 

Adresse profe^aianndle : 



i campus 'Pasteur, nam du labaratoire et priciser si unite* assoctde 
^r^^S^'S^^- DptB1 ° l0Sle *^°n, 



D 



1-2 Inyeateuri: 

Indiquer lea npms dam I 'ordre devantfigurer sur le texte de la demands de brevet. 



Nbm: Prenoms: 
VERON Michel 

16 roe de Fourcy 75004 Paris 



Domicile: 



Nationalite" : 
Ffaaeaiae 



Organtame eotployeur : INSTTTUT PASTEUR (GN1CS, XJRA) 

PcnctioM exeteees : ChBftoDepartexneittB.S.C,Chef (fuaxie' 
Adresse pxofe&siDnnelle : 



Date du contrat de travail : 

ou du central de stage a TIP 1/01/77 



I campus Pasteur, nom du labaratoire et pr Reiser si unite* asscclie 
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1*2 IaveateoU : 

Indiq&sr las jomj dons I 'or Ore devantflgurer w h texte de la demands ds brcvst 




Inventeur: i Norn : 

| Yanuoka 

• 


Prenoms • 
Sfaoji 


Nationality : 
Jsponalse 




Domicile; j 








Organlsme eibployeur : 

Foactioiu exdrceaa : 
• 

Adresseprof&sionnelle ; 


Tokyo Medical and Denial Uhlvexdy 
Associate Professor 

& — e , 


Date du contrat de travail : 
oudu central de stage a I'lP 

B 


03/96 an 
03/99 


i oampuxi Pasteur, nan 
I 

i 

i 1 


tduhboratoireetpricissrsi unUiassaciee 

n n 







assodis. ajouter Us informations les concemant sur uns feuiUe sivarte. 



de cheque inventeur : 



1-3-1 Indiquer sucdnctemeat la nature de la contrOnittan a Ulnvention de chaque invcntaur \ 

• Patrice AQOU: Conception dea inhpriieurs apgdflquaa de la vois NF-kB, Mto an point des testa axpAtocntaux ft 

dvalaatfoadea'efflcaci^dw drogues. 



-CHllsa Courtis eiS.Yamaoka: Waatificalioii do la protdne NEMO et dea sous-domainea foncticmnallea, 

! 

• Michel Venk Mlse an place logisUquo de ffoventloa 

i 

• Alain Itrael: 'Identification de la proteine NEMO et da fecteur de transcription NF-kB impUqu£ dans la rfpcawe 
Infianunatoica immunitalre et and-apoptotic. 

i 

l 

• 

i 
i 
• 

l 
i 

I 



1-3-2 PonrceJtage de participation a l'lnvention pour chaqnelsventenr : 

; % Participate* : 

FabrtceAgonJ 215% 
CgggaC urtofa 
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M Rnaucti$ent t 

Origins et mdntant du ( dojjfinancementfs) ayont meni A V invention et date et reference dafinancemeni 
(Institvt Pasteur, Appels d'ojjree, PTR, GPH,OMS t CB, AiESR INRA , partenatres industries etc). 

1-4-1 Four njx laboratodre IP 

» 

Origine: . Mcntant : 6000 g 

PTR Pasteur-Neater n°74 
Inatimi Pamir 
CNJtS. 



1-4-2 Poor o ji lfiboratoire extGrieur 
Origine: 1 



I 1 Bnzo 



1-S Dtvalgat&n de invention 








A «f rappslSKue la protection d'une invention ayant divulgation est toujour* la iituation fa plus dficace en term* de 


valorisation , 








1-9-1 L 'iaveittofl a-t-efle de*]a fait I'objci d'uns divulgation orale ou ecrite par votre laboratoire ou una autre equina * 


Si cui, pr6cls4r tea itffrences et la date. 








OOui Si Not Rdf&encea; 




Date: 




1*5-2 L'invecaion (bit-ella feira i'objet par voire labocatoize d' 


une publication^d'ua© comnr 


wiication oralc, d'una 


Buntenanep de dtp&ffie* ou d'une affiche. 








•PossibUit* <U 'dixwntUr uns fovtmance ahdsdoi (attestation a fa 


Ira validcr pari 


'untoritta, docu 


mentpnhitabU ast SBI). 


l to soumissioA 


□ Oui 


KjNOn 


Si oui Date: 


Smmtaaian afoea caaecttona 


□ Oui 


KlNon 


SiouiDats: 


Bon ft near 


□ Oal 


BlNos 


Si Qui Data: 


Prfvj^ian divulgailon y compns c6&um& cQngrte/timmairt: 








' Publication Maligna 
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2-1-2 Abstract In respond to a wide variety of stimulus like the pro-inflammatory cytokines <TNF-alpha, 
en du tmdnes (LPS etc-.,), moat cells activate a series of genes Involved In the inflammatory and immune responses as 
wett as In oncogeneses and apoptosis. The majority of these genes are under the control of NF-kB transcription factor 
whose activation Is controled by a high molecular weight protein complex called IKS complex. This ''signaloSome" is 



the third one, NEMO (also called CK-gamma) is a regulator protein which takes part m their activation. Hie 
presence or NEMO Is crucial since fibroblast and B4ymphocytes cells deleted for the NEMO gene are unable to 
activate NF-KappaB after U*S or cytokine stimulation. Finding new molecules specifically inhibiting the NF-kB 
pathway fa of great interest because it would lead to the emergence of new drags acting aa and- tajfammator y dreg 
and also as chemotherapeutic drugs in cancer models. NEMO constitutes a strategic protein target because it acts 
upstream of the NF-kB pathway and coordinates several nMt^t^ signals coming from stimulated recep tors. For 
better imoerstanding me molecular mechanism by which NEMO activates the KK-alpha and -beta protein kinases, 
we developed a functional complementation assay In vivo and we studied the biochemical properties of wild type and 
mutant proteins after expression end purification in E. coIL NEMO Is organized tn three domains, each one 
composed of coiled coll motifs. The N-termlnal domain fa the IKK Idtoas&bindlng domain. The C-terminal domain 
can be divide^ into two sub-domains: the first one called "CC2", fa responsible for (ha ofigomerfeation of the protein 
while the second, which is made up of a leucine zipper motif and of a sine finger moti% constitutes a functional unit 
accessary to the specific Interaction with a not yet identified protein effector. We have synthesized peptides which 
mimic either the domain of oligomertzotion (motif CC2 => 38 residues) or the IZ domain (LZ motif » 40 residues) 
involved in We hetemusuciation with a protein effector. These peptides could interfere either with the 
oUgomerlzatibn of NEMO, or with its binding to tile protein effector. In both cases, peptides were Identified as strong 
inhibitors of the NF-kB pathway. The peptides were cheroically linked to a permeant peptide known as 
penetra Mn fan t e inv i n en ln . They were also coupled with a fmoreseent marker In order tn'fannw their frii»mnK»fttfftn to 
^-lymphocytes by F.A.C.S. The anti-Inflammatory effects of these peptides were tested directly on lines of 
lymphocytes stably transected by a reporter plasmld which bears Che .-galactosidase gene and several NF-JB sites 
upstream of its promoter. Inhibitor effects of these peptides were measured using these Buspension-cultured 
lymphocytes B In 96-weii plates after LPS stimulation. Our results show that the presence of the "CC2"af20pM 
reduces t he Inflammat ory response of 70% as compared to a mutant peptide control. At the same concentration, the 
"leucine ripper" peptide is more fSgrdfieant since its presence totally aboiish the inflammatory response of cells. 
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3-2 Documents d Joindre : 

Pour chaque document joint, vadUez reporter fe/i°<& concertatlon donni a vote DI 
2-2-1 Doan&a exjxSrimentales, les r£sum£a et/cra las articles en prep amJoiL 

2*2*2 Articles 1b3 plus pertinents ayant un rapport avec Is prqjeu 



llsventCdn. 



ader a U description de 



(Les donate brutes, te$ feoillei volantes, les deaslns su crayon on lea photos Polaroids sont acceptabka si 
did fanaaoi un ensemble coherent et campr^hen^if). 



2rZA V appareD, le prodolt on lo proc&tt a-t-U etc* crfe cm teatf, Dana r affinoati ve, en existe-t-fl un 
^chnntfllon on low magneto? Una demonstration peot-e31e &re t&ttsge ? 
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L' invention cbtelle one aouveUe technique, foimulation, cutn ou piodult (a), ca t-ello une acu valla uifflsatioa ou una 
amelioration ct*nn produit ou d'nna teclmiqaa existante ? 

Uinventton e*t ua nouvcau prnduit qui inhlbe la vote NF*B. Ob prcduit on les d^rivfe pepddcmira&qaas qui en 
d&ouleront jfeuvenl fitre d'un intMt majenr pour un uaago thezapeutiqpa et/ou en biotechnologies. 



2-4 Mots elfi^ 

En voub vfiGfi^mt box tableaux das mottcteaetaaxdo; 
lea patholofflda lea mleux appropitefl pom cteflnir 



maines des pathologies des pages sulvantas ohoialssaz lea mot* cl& et 
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3-4-2 Domaines lie pathologies 

Veuillez coefcer ttue & trols (1-3) cases cmrespondmu am mots olea poavaat caractftiger lea domainea 
paihologiquea concemfs par votre invention. 

Infe ctions bacl erieanes 



cttamon oaetenoi/AJunrax 
Article bfcctieiiao'UL teWpU 



kuceuose/ftcwe maite 



U nie c n op uretro*cemsale> 
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K hnmnrtflm a erttoulairc algu (Strcptoooquc) 
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Autoes docgatoes de pathologies 
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2-« Las Maladies. 






Ecrivesde 1 ft 5 mots dfe poor Identifier d'autres malac 
diabete) 


ilea plus sp€di 
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2-4-4 Definition Ebm 

Poig dtofrp vottg invention plna prgcb&naat, vom ponvez indiquar S mota dfa ncm iriofaa Hmn? ^ prft^ ^fr g 
calorie*. 

drogue pcptidiqus inHhUenre do la vote anti-lnflanunaiolre aqtica &cteux 
NE-lcB 
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2-5 Nouveaute* de Hnventlan 

A partir dc la description, mettea r accent but lea nouveautes et le caractftte original da rinventioiL 
Ctt nowelles moUoiles reprfsentenlune xwuvefle class© dlnhibiteur d© la vote NF-kB (i) car elles interWennent 
tres tot daaa In prcceasua (Taedvadoa du fectaur da transcription NF-kB (ii) 1 cure actions inhibttdces qui reposeot 
sot una Interaction epecifique avec la proline dole NEMO, no s'sxerccni qriapnfe stimulation par les cytoWnea 
pro-inflarnmatolKs; concralrement k la plupaxt das iohlbiteutf eazymatiques de la kinase KK-b rochercne'8 
actuellexnentpardes grands groupes pnarmaceutiques. 



En quoiTinvention difffirc-t-alls da technologias deja exlstante ? 
Sansobjet 



QoalpioDiemB pennet-elle de r&oudre, ex avec quels avantages 7 
Sans objet 



2*6 Applications industrtelles de r invention 

Si cela n'a pas £te* indique* pr^ceUnnffient, quelle scut Les prinripaiea applications de 1* Invention ? En plm des 
dfibonohds immediate, d'auirea applications pounaianr«elled atrc envisageea dvontuaHara e nt ? 

«$ur le maitae" to biotechnologies, il n'existe qtfun seul inhibteur specifiqua de la vote NF-kB done la 
concentration effective est tres elevee. Nos prodaifa plus sp acifiques piesentent done un arout majenr pour toutes 
las entreprues totfeeweea par des inbibl tears speeffiqufts da la vote NF-kB. 

- Sur le march©" daa entreprlses pharmaceutianes, notra invention on les prodni ts qui peuyent en deliver psuveat 
dexmer Hen a un usage thirapantiqua comma aatinnflammatoira et comme anti-cancdreux. 



2-7 Llmltes de l'lnvention 
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1 

L'invention prfeenrc-t-elle des inconv6uents du d« limitations 7 Peuvent-ils Btrc sunn stea ?De quelle 
manieW? 

Le co&nde la symh&se cbUnlque das peptides par lea bJotechnolostes pent patenter tm handicap, 

En outre, ceux soat dca drogues peptidlaues. Par consequent, Hnventum a uBfige theiapoutique est soumiso aux 
mamas contrainies relevant de traitcmanta ttoSrapcutiqnja par to peptides. 
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2-8 Antra informations ~ ™_« 

2*8-1 Bxiato-U un eldment da l*lnvcntlon (Biologique ou autre) vous ayant et£ foumi par unc antic institution ou 
enireprisc ct ayant feit I'objet d'un accord signs de TYansfert de Materiel (MTA) ? Dana Paffirraative, preclscz la 
nature de eet element, sa date de i&eptian et lea ccordnimees du fourniaseur. 



2«8-l Existe-il, 4 la connalssanco do I'inventeur, d'autros brevets ou publications conoernant I'inventian ? 
(Une recherche pannl las brevets existants a-t-elle 6 te" effectuee ? Dana i'affinnatlve, avec quels rcsultats ?) 



2-8-3 L' invention nriesente-veife un inteiet commercial immfidlat ? Praises: le nom des ccmpagnies ou des 
personnfi3 si possible. 



Touts? emreprises do biotechnologies interessees dans la transduction du signal el dans lea mhibrteurs 
spdcifiqyes da la voie NF-kB. 

Toutes lea entreprises pharmaccutiques interessees par des nouvelles molecules agissaot comma and- 
infifltomatotres et cuiume anti-canc4reux. 



Donnez la list© d'autres entreprises poteniiellamenl interessees : 



Utilisez cet espacc pour developper et fbumir dea dennees con^ltoentaires sur 1' invention 



2-8-4 Lea earners de laboratoire et antes donates eonromant l'imwntton sont-lla dlapoflJblea 7 Wi quez leur 
reference et leur emplacement, sans les Jotndre. 

Reference : Emplacement : 

N°012766, 012768, 009319 Batiment Moncd, unite REAC, piece 07 



Nature: 



Date de reception: 



Coordonnees du founnsseur : 



□ Oui 



E> Nan 



Ooa fl-Vert^ 4 -JWHet 2002 
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Complements ^informations techniques 

h Llgoee cdlulafre et plasmide 

Les cellules °C3 H sont issues d^ine lignde murine da lymphocyte pr£-B appelge, 70273. 
4x10* cellules dans 400 /d de milieu complet (RPMI 1640 with Glutamax-1 contenant 100 
jigfaH de pfciicilliae, 100 fig/ml de streptomycins et 10% de s&utn (PCS)) out 6t£ ttansfectfes 
par flectoporation (260V 1S00 /iF t assistance inflnie) par 8 fig d'un plasmide portant le g&ne 
rapportear de la beta galac tosidase (Lac-Z) sous le contrite dta promo teur minima] de J1L-2 
et de 3 sites NF*B (Fiering et al „ 1990). Le plasmide parte Igafement un g&ne de resistance 
S lliygromycin B comme marqueur de s&ection des eucaryotes et dtan gtoe de resistance ft 
rampicilline. Les clones positife ont €t3 s&ectionnds en presence cThygromyoin B puis 
dihitlbn infinie, Les clones Isolds et r&istants £k lTiygromydn B ont 4t£ testes pour leur 
capacity & exprlmer la bSta-galactoaidase. Le olone D C3* qui pr&entait un bon niveau 
^expression de la bfita-galactosidase a 6t& xetesu. 

II. Internalization des drogues 

La vectorisation des drogues a 6t6 aufvle & Faide <Tun FAC5 calibur (BD Biosciences) 
en mesurant l'intensitS de fluorescence relative du Bodipy®-FL (Molecular Probes). 
L'internalisation a 6t6 effecmie en fusionnant par synthase chimique nos sequences 
peptidiques d'inUSrSt & celles d'anteimapedia/penetratln (Derossl et al., 1996). D'autres 
sequences de vectorisation peptidique auraient pu Stre utilis&s et sont indiquges dans le 
Tableau 1. 

Tableau 1: Sequences de vectorisation peptidiques permettant tfintamaliserdes 
macromotecules. 
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Nam 


Source 


Sequence en aclde 


R£f6reaoe 


. Tat 


HIV-n^t(47-S7) 


YGRKKRRQRRR 


Vlvesetal.. 1997 


fiolyarainine 


Synthfcsa chimiquc 


RRRRRRRR 


Suzuki etal., 2002 


Kaposi FOF 


Kaposi FGF 


AAVALLPAVLLAL 
LAP 


Lin etal.,1995 


Gffa2 


Gfh2(SH2 domain) 


AAVLLPVLLAAP 


Rojasetal.,1998 



IIL Les inhOrfteurs peptfdiques : sequence, purification et synthase. 

Les peptides ont 616 synthetics par F. Baleux de IHinita de Chimie Ofganique de 
lTnsti'tut Pasteur dirigee par Dinh Tarn Huynh comme d£crit dans Mousson et al. Ha ont 6i6 
synth£U86s en phase solide selon la mfithode de Menlfield h l'aide d'un synthStiseur 
automatique pepddiqce (Pioneer, Applied Biosystems, Inc., Foster, CA; Valenzuela- 
Fernandez et al., 2002). Afin de favoriser leur stability in vivo, chaque r&idu emino-teiminal 
a 6x6 ac&yM sur son groupment a-NH 2 et cheque ©Sfiidu caiboxy-termlnal a 6te" mcdifid par 
amotion comme dtoit dans Mousson et al. Certaincs fractions des peptides synthase's ont 
616 cpupl6es an Fluoiophore Bodipy®FL N-(2-amlnoethyl)m aleknide de chez Molecular 
Probes (B-1O250) afin de suivra leur intemallsation par FAC5 comme mentionn6 ci-dessus. 
Les sequences biologiqucment actives miment les sequences de la proline NEMO murine 
(Accession number of the NM genetic sequence database (Gene®banK), NPJ34677). Bled 
correspondent soit au motif "CC2" (r6sidus 248-287), soft au °motif leucine zipper" (r&idus 
294-336). Les sequences de NEMO marines ou humaines sont btdiqudes cWessous (Figure 
1). . 

°CC2 WT" da souris : SKGMQLEDLRQQUWAKEALVAKQELIt>KLKEKAEQHKIV 
■LZ°.de «mris : LKAQADIYKADFQAERHAREKLVEKKEYSQEQLEQSQREFNKL 



2 
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°cd humaine": KB.GMQLEDLKQQLQ QAEEALVAKQEYIDKLKEBAEQHKrV 
"LZ-ihumaine : UCAQADrVXADFQAERQAREKLAEKKEyjQEQLEQIXjREXSKL 

Figure 1: Sequences humaine et marines biologiquement actives dans l'inhibition de la vote 
NF-kB . Les idsldns qui different dans la sfiqoence homalne on murine sont soulignes 

i 
I 

• Afin de rendre les peptides permfiablea a la membrane cellulaire, une sequence 
peptjdique de 16 i&idus appelee antenuapedia/penetratin et decouvexte par A. Prcchiantz 
(Derosa et aL, 1996) a &6 fusionnie am diffgrentes sequences de la protfine NEMO par 
synthase chinrique comme decrit ci-dessus. Tons les peptides possMent en outre un rfsidu 
cystine h Pextofamte" N-tetminale pour greffer specifiquemest le fiuarophaxe. D'autres rdsidiis 
natuiels ou aon naturels aumient pu fitre synffc£tis& a la place de la cysteine pour greffer le 
fluorophore. En outre, rusage du fluorophore BodipyOFL de obez Molecular Probes n'est pas 
excloaf et d'autres fluorophore* auxaient pu toe utilises. L'ensemble de ces peptides a €t6 
v6iih6 par spectrom&rie de masse. Leor composition ainsi que leur titration ont 6X6 
d&efrninges aprfcs hydrolyse acide (6N HQ, 20 h) et analyse des acides amines & l'aide dhin 
analyseur Beckman 6300 comme d6ait dans Mousson et al„ 

TV, Test d'inhibition de la vote de fifeoalisation NF-KB 

Dans un premier protocol© 22 x 10 s cellules (close C3) dans 220 /*! de milieu complet 
(lO^ceflules/ml) ont &6 d£pos£es dans un puit dHwe plaque a 96 puits (TPP, igf&eitce T9297) 
puis incubdes avec des concentrations variables de peptide (0.2 a 20 pM) a SVC dans un 
incubateur h 5% COj, Apres 2 h cfincubation, obaque lot de cellules est liparti dans deux 



3 



Received at: 11;47AM, 9/24/2003 

. 24. SEP. 2003 15:59 BUREAU DES BRE7ETS . 



11*1143 P. 32 



fiouveaux pnita contecant chasm 100*1 de cellules (10* cellules). Chaque lot de cellules est 
ensuite soil stimuli 5 h par 3 /*! de ^polysaccharide bacterien (reference L6636, Sigma) & une 
concentration de 03 /ig//i 1, sent Hon stimuli par addition de 3 /il de PBS (Phosphate buffer 
saline, contrite). Aprfcs stimulation, les cellules $ont lavees trois fois par centrifrgaiion & 400 
x g et resuspendues dans 250 /rl de tampon PBS Jxoid. A la derniere centrifijgaticra, les 
cellales sort reprises dans 100 ptl (Ton tampon de lyse oellulaire 025 mM Tris-phosphate pH 
7.8 contenant 8 mM chlorine de magnesium, I xnM ditMoeiythieitol, 1 % Triton x 100 et 15 
% glyc&ol). Le materiel biologique insoluble est alors precipUe" par centrifugatlon h 3000 x g 
20 min a 4°C et le sumageant cooespondant & Vextrait brut, est xecuper*. L'acdvitg de la (5- 
galectosidase a dte* mesuree en pieTevant 30 /il dfcxtrait hrut et en focubant 1 heure 200 jtl dton 
melange do tampons founds par °le kit da detection Iuminescente de la p-galactosidase" (BD 
Biosciences, reference K2048-1). Ge lest enzymatique utilise le substrat "Galacton-star* qui 
devient luminescent eptts cMvage specifique par la 0-galactosidase (Bronstein et al., 1989). 
La reaction enzymatique de la 0-galactosidase a ainsi pu Ctre suivie & 1'aide d\in luminomfctre 
(Berthold). 

Ua second protocole tees similairc & celui deceit plus haut a €£6 mis au point afin de 
tester la stability des inhibiteurs peptidiques in vivo. Dans ce dernier protocole, les cellules 
&2 % JO 5 cellules dans 220 /il de milieu) sent lavdes 3 x par du tampon PBS apres une 
inbubation de 2 hemes avec les peptides inhibheurs . Les cellules sent ensuite diluees dans un 
import 1:3 avec du serum complet (70/*l de cellules dans 140 /ilde milieu) et sont disposees 
20 faeures dans Hncubateur h 5% deCO a pour favoriser leur division ceDnlaiie, Les Stapes 
qui suiveat sont identiques & celles decrites phis hanL 
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MEMO : rendements de synthase et masses axp &rlm entalfes , 



WU 5 

II 







Nombre de 
r£sldus 


M.W. 


Rendement 
Synth+purlf 
coupIr^c 


Masse 
expfrtmentale 


CC2 

w.t. 


Fragment court 


35 


415S.75 


25 


4155.8frtf-0.53 


Cys-antenna-linker 


Ml 

57 


7019,30 


7 


7019.08+/-0.68 


i i? 

oodipy 


57 


7433.51 


62 


7433.33-tf-0.46 


ac£tamide 


57 


7076,36 


32 


7076.42+/-O.06 


biotine 


57 


7544,91 


53 


75452S+/-0.09 


NNN-LZ 

W.t. 


ff Willi 


a\ 




20 


5318.21+/-0.50 


CvH-antennR w 


1 ISO 




A 

H 


7650.33+/-0.47 


bodipy 


60 


8064,20 


4C) 


8063.90+/-0.48 


acetaraido 


60 


7706.05 


J7 




biotinfl 


60 


8175.61 




8176.08+/-O.21 


CC2 

contrdle 


Fragment court 


35 


398743 


25 


3987.1 l-tf-0,55 


Cy3-antenna4inker 


57 


6850,97 


9 


6851.01+/-0.43 


bodipy 


57 


7265,18 


70 


726S.04tf-0.35 


acetamide 


57 


6907,02 


36 


6908.04+/-0.08 


biotine 


57 


737638 


54 




NtP>LZ 

contrdle 


Fragment court 


43 


5265,92 


14 


5265.82-V-0.18 


Cys -antenna 


60 


7597,83 


9 


7597.78+/-0.28 


bodipy 


60 


8012,04 


77 


8011,98+/-0,26 


acetaxxiide 


60 


7654,89 


3ft 


7655.14+/-0.22 


biotine 


60 


8123,44 


fi5 




NLP 
w.t 


Cys-antenna 


38 


4861.77 


■ 12 


4861.67+/-0.35 


bodipy 


38 


5275,98 


77 


5275.66+/-0.28 


WLP 

contrdle 


Cya- antenna 


38 


4902,87 


20 


490245+/-0.48 


bodipy 


38 


5317,08 


50 


53l6,38-tf-0,26 


GCN4 


Cys-antenna-linker 


55 


6901.27 


3 


6901.01-tf-0.41 


bodipy 


55 


7315.48 


50 


7314.7frtf-0.40 


Antennapedia 


penetratin 


16 


2287.82 


13 


2287.52-tf-0.08 


Cys^penetratin 


17 


2390.97 


18 


2390.43+/-0.02 


bodipy 


17 


2805.19 


7.* 


2805.06-tf-0.52 



- bodipy : 1 eq, Bodipy-moletmicle {molecular probes B- 1 02 50) dans CHjCM, additionni au 
peptide r^duit en solution dans eau + NH 3 OH pH6 ou acetate d 1 ammonium 50 xnM pH6 
(1/2 heure sous agitation k t° ambiante, dans l'obscuritS). % 

m atetamide ; 15 eq. Jodoacetamide additional au peptide en solution dans TRJS/acetate 
0,1 M pH 8,6 (1/2 heure sous agitation k i° ambiante). 



biotine : 1,2 eq. Biotine PEO-malelmide (pierce 21901) additional au peptide en solution 
dans eau + NH 3 OH pH6 # 5 (1/2 heure sous agitation h t° ambiante). 
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greffoge 


Gradient 
analvtioiie 
/20 mill 


avuur jj jt c|i 


f^MM j98oM A 




Fragment court 


C18 ■ 


20-60 






CC2 
w.t 


Cys-antenna-linker 


CI 8 


32-42 






bodipy 


C4 


30-40 






acetamide 


C18 


27-37 








biotine 


CI 8 










Fragment court 


C18 






J5-W 


NNN-LZ 

*^ m w i ffcj 


Cys-antenna 


C28 


30-40 




15-60 


bodipy 


C4 . 


30-40. 




• 20-70 


acetamide 


era 


27-37 


25-45 






biotine 


C18 


27.37 


20-45 






Fragment court 


C18 


2S-3S 




25-60 


CC2 

contrite 


Cys-antenna-linker 


CI 8 


27-37 




10-60 


bodioy 


C18 j 


27-37 




20-70 


acetamide 


C18 


27-37 


15-40 






biotine 


C18 


27-37 


20-45 






Fragment court 


CJ8 


2S-35 




15-60 


JULP -LZ 

contrite 


Cys-antenna 


C18 


27-37 




15-60 


bodipy 


CIS 


27-47 




25-70 


acetamide 


C18 


27-37 


25-45 






biotine 


C18 


27-37 


20-45 




Nlp 


Cys-antenna 


CI 8 


25-50 




20-70 




bodipy 


C1B • 


25-50 




20-70 




Cys-antenna 


C18 


25-50 




20-70 


contrite 


bodipy 


C18 


25-50 




20-70 


GCN4 


Cys*antenna-linker 


C18 


33-43 




25-70 




bodipy 


CI 8 


33-43 




20-70 


Antennapedia 


p^netratin 


CI 8 


20-40 




15-50 


Cys-nenetratin 


C18 


20-40 




15-50 




bodipy 


CI 8 


25-40 




15-60 



APftfrtiffltt : 300-5C1 8 2S%-35% CH3CN dans TFA 0,08%% 

fragments courts, peptides SH et Bodipy : MPLC C18, 20%-70% CH3CN dans 
tampon TFA 

peptides acetamide et biotine : semi-prep C18. 20%-45% CH3CN rfans tampon TFA 
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INST1TUT PASTEUR 



Direction de la Valorisation et des Parteaariats Industrials 
Service des Brevets et Inventions 



N'deeoncertation 1 . 
Dale 



DECLARATION ^'INVENTION N° 2 : 

DanteRe BERNEM AN 
AtaventonS 



I A m^pCr obUgatoir&nent par le Relets do Valorisation (doc AJ 
2 A rtmpUr obUgatotr&nera par la Service des Brevets et Inventions 

1-DOSSBER ADMINISTRATIF 



1-1 litre dePiavention : 

Caractftfaatlon foncdonnoUB du domains minimal do NEMO ntoroire a ion oUfl om g d sat ton 



l-4Inventeure: 

Indiquer tes noms dems Vordre devont figurer sur le texts de la demands da brevet 




Invention Norn : Prfnoms : 
AGOU Fabrics 

Domicile : 21 avenue dn Bel-Air - 75012 PAB0S 


Nationality: 
Francaise 


Organismocmploycfor : INSTiTUT PASTBUR 
Foncb'ona exereees : Giarge* de Kecaerche LP. 


Data dn oontral de travail : 

ou du conirstde stage a IIP 01/08/98 


Adresse professlonaello l 

3— P 


n. n 


t campus Pasteur, nam du labor moire et pr£ds er si uniti assoeiSe 

Unite' Regulation Enzymatique des Activity Ccltulaires, Dpt. Biologic Stracturale et Chhaie, Institut Pasteur, 
25 roe du Dccteur Rtna, 73724 Paris codas 15 
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1-2 Inventus : 

htdiouer les rtoms dans I'ordre devant figure? sur Is texta da In demand* dm hrmttt 






Inventeur: Norn : Prenoraa i 
COURTOXS Gate 


Nationality * 
Franoaise 




Domiciles: 157 rue da M&ibnontant - 75020 PARIS 






Oiguristtficmployeur; LN.SJBJLM 
Fractions cxercdea : DJL2 


Date du central de travail ; 
ou du control de stase a PIP 


O1/0S/92 


Adrcsse profesdonnelle : 

- — ■ e a 






teampus Pasteur, nom du labarototre etpreciser si unite" assorts* 

Unite de Biologic Motecuiaire do" 'expression g&iiq^Dpt Biologie Cellulate et Inaction, " n " 
25 rue du Docteur Rcux, 75724 Paris cedex 15 


n 



1-2 Inventeurs : 

Indiqutr lea noma dans I 'ordre devant figurer sur le texte de la "demands de brevet 

Inventeur: Nam : Prdnams : 

ISRAEL Alain 
Domicile: 20 rue Paginate - 75014 PARIS 
Oiganisme empioyenr : INSTITUT PASTEUR 

Fonctions exerceea ; Directeur de revaluation sdentiflque, Cbef d*unite 
Adrcsse prof&slonnnllo : 

□ ■ - a- 



NationaHte; 
Francaise 



Dale du contrat de travail : 
ou du conirat dc sta&e a T IP 01/01/83 



i campus Pasteur, nom du laboratoire a prectser si unU4 assodie 



Unite* de Biologic MolecuJaire de ^Expression Gemque> Dot Biologie Cefluiafxe et Infection, 
25 TuoduDocteurReux, 75724 Paris cedex 15 



1-2 Inventeurt x 

Indlquerles noma dona I'ordre devant figurer sur le texte de h demands de brevet. 



PnSnoma : 



Inventeur: Nom : 

VERON 

Domicile: 16 rue do Fourcy 73004 Paris 

Organisme employ ew : mSTTTOT PASTEUR (GNJLS, URA) 

Foncttona exexeee* : Chef du Departement B-S.O, Chef cPunftfi 
Adrc8Bcpxoie$9ionnaue : 



Nationalite: 



Date da contret de travail : 

ou do contrat de stage a J 'IP 1/01/77 



:oAP, n „ n 



l campus Pasteur, nam du labaratcire etpreciser si untie assoctee 



25 rug da Poctcur Roux, 75724 Paris cedex 13 



ct Cuimie, Institut Pasteur, 
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M Inven teurs ; 

fndiq uer Us noms dans I 'ordre dntantfigurer surle tern de la demands de brevet 




Invented: Kom : Prfnomx : 
Traincaid Francois 


Nationality : 
Franfaiso 




Domicile : 2 1 rue Jules Guesde? $2130 Issy lea Moulineaux 






Organ! snie employ ajr ; Inatitut Pasteur 

Fottctfons exercees : Tnggnjgur Institut Pasteur 
Adresse professionnelle : 

• 9- 4. 


Date du central d e travail : 
ou du contra! de Eta&e a VIP 

B 


01/03/198 
1 


t campus Pasteur, nam du labaratoir* etpr&ctsersi unitA associate 

n n 







S< rfVaatrej invemeurs sent anocifa aiouter Us infymadons Us concemant sur we fcuiUe stoerte. 



1*3 Contribution de casque inventeur ; 

1-3-1 Indiquey sucdnctement la nature de la contribution a invention de cheque inventeur : 

- Fabxice AGOU: Caract&isaticra daa aous-domaines de NEMO CC2 et LZ qui fonneat le domaine mlnaimal 
dbligom&isaUoii de la protelne NEMO 

- Gffles Courtoia ! Identification de la proteins NEMO et de* sousnlomaiaea fbnctlcmnels. 

- Michel Vextm: M3se en place iogistique de Hnventfoa 

- Alain IaraS: Identification de la protein* NEMO et du factcror <fc trarucription NF-kB irnpliquS daaa la rfponse 
inflaTrrniat oirc, fcraumitaire et anri-apoptotte. 



iscence 



1-3-2 Pourcentage de participation k I'lnvention pour cheque Inreutenr : 
InvKrteur: fcPaxtidpatl a : 

Fobrice Agon 24 9& 
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Gates Courtols 
Alain Israel 
Michel V^roa 
Francois Traincard 



20% 
20% 
24% 
12% 
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MFtaancemeat: 

' Origbxe et montant au (des)fimmeemefU(i) oyont men* a I 'invention et date et r$fi$rvnce du finaneement 

(Tnstitia Pasteur, Appels d'qffres, PTE, OPH,OMS t CE, MESR 1NRA , partenaires btdustriels, etc). 

1-4-1 Pour on laboratolre IP 
: Origins: Montant ; 6000 £g) Euro 

FIR Pasteur-Neckcr n°74 

tatttut Pasteur 

GNJLS. 



1-4-2 Pour an laborutoire eoUertenr 

Origin© : Montant : □ Euro 



1-5 Divulgation de ^invention 

II est rappete qua la protection d'une invention ovarii divulgation est toujours la situation la plus efficace en terme dt 
valorisation 

1-5-1 L Invention a-t-eHe d£]a fait robjet d'une divulgation orals ou ecrite par votre laboraioire ou une autre equipe ? 
Si out, prfdser las ra^rences et la date. 

□ Oui KJNon R^rencea: Date: 



1-5-2 L'invanfian doit-elle faire robjet par vote laboratoire d'une public adon,d'une coimnanicatioa dale, 6?Ufle 

soutenanoe de dipietnoa* ou d*une affiche. 
•PoJJlMUtf ds demandar m s 



l to aPTnnforicm 


□ Oui 


ElNou 


Si oui Date : 


Sotmdision apres corrections 


□ Oui 


KlNon 


Si oui Date: 


Bon atxret 


□ Oui 


SNon 


SiotrfData: 


Prevision da divulgation y compiis re'sume' coiigresteeinlnajre: 








• Publication en ligne 


□ Oui 


ISNon 


Si oui Date: 


- PubEcatien Journal 


□ Oui 


pa Non 





Doe B- Vereton 4- Jufflet 2003 



rceived at: 11:47AM, 9/24/2003 

| ' 24. SEP. 2003 16:03 BUREAU DES BREVETS . N91143 P, 46 

\ ■ » 

Page 6/13 

1-6 Reasefgnements complgmentalres (si nictitate) : 
1/ensemble des rfeultats fera robjet d'une publication sctentifique 
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1-7 ATTESTATION 

Les inventeura certifient qu'& Icur connalssance aucune autre paraonne n'a contribttS aignificativement a la conception et & 
la realisation do l'inventfon. 

> Hate: 15/07/2003 
Lea inventaus ei-desBous signatairas daajgncnt comms conescottdaat admintoatifc 

Nom i AGOV iPtfgnom : Fabrics 

* AdresfiprofeMlonnellei I^iitd R.B.A.C. Dpt Biologic Structurale et Chimin, Insthut Pasteur, 25 

n» du Dr. Kxrux 750724 Paris cedex 1 5 

. Te^phone : 0L4S.6&m80\ e-mail r fegou@pasteur.fr 

H a poor rile d'assurer le contact et la correspoadanee avco les difiKrents acteurs de la DVP1/DJ de ITosdtut Pasteur 

* (DVPI.coordination sdentifique, service des brevets et inventions, service de transfer* de technologic service des accords 
Industries /Direction JuruJiqua). PT ggg, r6fogncfa ultfeignrement sous son u« et l feiMmLdn^xmces pondanL Celui-d 
ne saurait engager ni Flnsntut Pasteur, ni lea inventeura pris coUecdvement on Indivlduellement. 




NOTE - REMARQUES IMPORTANTES 

JL A la ^caption da present document enragistrf par le Sendee Brevets et Inventions de llnstLtut Pasteur, les inventeura 
son salaries de lTnsdtut Pasteur doivent prt venir leur organisme employeur. 

2. L'ensemble des Informations figurant dans ce questionnaire fait i'objet d'un traiusment fafamattoe* a 1' usage de FInstitut 
Pasteur et, la eas echeant, das difleYenta cabinet? et offices debzevet9 auxquels 11 est vm * i\ * a B'adresser. 

Conformfiraent a 1'ArL 27 de la loi o° 78-17 "Information et Ubertg" du 6 Janvier 1978, lea persojmea directement 
ccneemees par ces informations out on droit d'acces I ceHes*ci ainsi qo'un droit de rectification des eveatuelles erreurs ou 
omissions oontenues dans ce questionnaire. Si tel est le caa, £1 eanviendra de vous adresaer eu Service des Brevets et 
Inventions de rioBtitut Pasteur, 

Par anienrs, les repasses aux questions posees out no caractere obligatoire ei vous souhaitez Stre offldeflement mentionne' 
comma inventeur ou co-inventeur du ou des breveo cbjat da la pr^ente declaration, 

3. Teas chaflgements de simarioo personaelte ou professioagafle doivent toe signifies an Service des Brevets et Inventions 
qui een charge votre dossier et est term de lea cransmettre aux offices de brevets concernes sous peine da decbeaoce des 
droits. 
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DIN* JUVQ**M (j^^0*-JL3j 

2-DOSSIER SCIENTIFIQUE (INFORMATIONS CONFIDENTIELLES) 

2-1-1 Resume* La proline NEMO (NF-fcappaB essentiel modulator) qui Jou© un role crucial dans 

• I'actfvattoa de la vole NP-kappaB (1), est assodee aux protfinea Kinases IKK-alpha et -beta pour former le complexe 
: nuritiprouHque IKK Bien que le mode d'activation d'JKK reste encore pen comprto, l'actfratian des kinases 

implique probaMement use phosphorylation en trana des deux kinases induite par l'oligomerlsation de NEMO. Nous 
avons montre que le domalne Otenninal (residus 241-388) est le domain© de trunerisation de NEMO (2). L'exameu 

• de la sequence polyp eptidlque indique que ce domalne est compose de deux motifs coUed«coUs en tandem (CC2 et 
LZ), d'un motif rlche en proline et d'un motif en dolgt de zinc (ZF) sitae a r extremity exterminate de la chaine 
polypepttdlque* 

Nous avons prodidt Chez E, coll, et purine" a homogeneity des formes trcnquS es de NEMO contenant des 
comhlnalsons de ces motife et nous avons compare* leurs proprf&es d'assemblage par dee experiences de filtration sur 
i gel et de sedimentation a r€qulllbre. Leg resultats tndlquent que le motif rlche en proline et le motif ZF ne 
; participant pas a roUgomerisatlon de NEMO pulsque le segment "CC2-LZ", delete de ces deux elements, presente 

• une constante d'assodation iiimerique idenHqoe a celle de la protglne sauvage, Nou9 avons alore recherche leque) 
des suotife "cofled-coil" gouverne lTtomo-assodation en utfflsant des peptides de synthase mimant les motifc CC2 on 
LZ. Le peptide CC2 forme un homotrimere de 12£ kDa, alors que le peptide LZ s'assode m hemodimere de 10 kDa, 
Leurs consfentes d'assodation sunt cependant tres f ortement dunlnueea par rapport a celle du segment CC2-LZ (100 
fols pour CC2 et 40 ibis pour LZ), suggerant que le motif LZ parddpe a la formation du trim ere CC2-LZ. Lorsque 
que les deux peptides CC2 et LZ sent combines, Us fbrment un h&terohexam&re stable* Leur interaction a 4te* 
confirmee par polarisation de fluorescence au moyen de peptides couples au Bodipy . 

L'ensemble de ces resultats indique que le domalne de trimerisatlon de NEMO est un hfterohexamfere resultant 
d'Interactions homo* et h&erotyplques des coiIed«cofls LZ et CC2, 
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din* JUo3^$f QUMTdro^^ ZSj 

^SCIENTIFIC FILE (CONFIDENTIAL NOTICE) 

2-1-2 Abstract The protein NEMO (NF-kappaB essential modulator) plays bo essential rote in tire NF-kappaB 
signaling pathway by interacting with the IKK-alpha and IKK-beta kinases to form the IKK complex, Although the 
mode of activation of IKK is not wefl understood, the kinase activation most likely involves the trans* 
phosphorylation of both kinases! triggered by NEMO oligomerizatioD. We showed that the C-tennmal domain 
(residues 241-388) U the trimerisation domain of NEMO. The analysis of the polypeptide sequence indicates that the 
domain is composed of several structural motift including two coOed-coUs motifs in tandem (CC2, LZ), a proline rich 

' motif and a kmc finger motif situated at the extremity of the C* terminus. We highly purified truncated forms of 
NEMO containing a combination of these motifs and we compared their assembly propertied by gel filtration and 
equiiflbrium sedimentation methods. Results indicate thai the proline rich motif and the sine finger motif are not 
required for NEMO oEgmnerizathm. The CC2-LZ polypeptide, which does not contain these two motife, displays the 
same trimeric association constant as mat of the wild type. We then examined whether CC2 or LZ individually 
govern the homoaassociatlan by using chemical peptides designed to mimic their sequences. We found mat the CC2 
peptide forms a 1W kDa homo-trnner and that the LZ peptide forms a 10 k»a homo-dim er. However their 
repective dissociation constants were low as comnared to that of the CC2-LZ polypeptide (100 x and 40 x for CC2 

; and LZ respectively}, suggesting that the LZ motif contributes to the formation of the trixner. When we combined 
both peptides, they formed a stable heter$-hexamer. This apecifle interaction was confirmed by fluorescence 

t polarization using peptides conjugated with bodipy dye. 

Taken together, these results Indicate that the trimerization domain of NEMO is a heterohexamer formed by 
e specific combination of homo- and heterotypic interactions with LZ and CC2 coUed-coite. 
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Date et signature : 13 Juillet 2003 



2-2 Documents h Joiudre ; 

Pour cheque document joint, veuiUez reporter to n° de concertation donni A voire DI 
2*2.1 Donn&M expdrimfiptfiles, lea rfsumSs etfou lea articles en preparation. 

2-2-2 Articles las plus pertinents ay ant un rapport aveo le projct. 



2-2*3 Esquisses, dfis&ins, photographies ou tout autre* documents qui pOTnont alder a la description da 
1' invention. 

(Us donates brutes, les feuiQes volantea, lea deaains an crayon on tea photos Polaroids sont acceptables si 
elle forment un eaflembla coherent et corapi&easif). 



2-2* I/appareil, le produie on le proce^de" a«t-il dtdcre^ou cest& Dans 1* affirmative, en eriste-t-il on 
ecbantillas ou une maquctts? Una damonstration peut-eBe fitre reaHaea 7 



20 Description eimplifiee : 

L'invenliOT ert^Ilo uiio iimrvdte 

em&icratian d'un prodult on d'une technique eadstante ? 

L'iiwentioa est un nouveau produli qui pent s'apparenter a un recepteur oibla pour la recherche de nouvalles molecules qui 
■par tear interaction, ponmmt ague eomme dea inhlblteura de 1a vote MF-fcB. 
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2-4 Mofe ties 

Ed vou3 rtfgraat awe tableaux das mots cl&s et aux domaines des pathologies des pages suivantes chrisissez lea mots clfset 
lea pathologies lea mieux appropri6$ poux rififlntr tea prtneipalea earaet&istlquss do vetre invention. 
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M-Z Domaines dt pattiol giea 

Veuilte cocner uaa a trois (1-3) cases correapondant wax mots das pouvant caractArisar lea domainoa 
pathdogique$ concern^ pat votre Invention. 



Infections bactertennea 
"AxxnnxB iniccfamiao Cft£1 



kroncaite is. pncntmnmac, **» lauucngacj 



aniceunse/itevre m&W 
_ chiaaydlose Uafecttoa urOtxo^'ccjMcaiaj ' 
Cholera tVibno cholera^) 



a " j j' jBIsifi 



Uoqu&lucfte iHorteocua pcrtue ato) 
bipniene iworyneDaccenunij 



uyeeniene S3B555 SESpHBeT" 



I 



uuecoon cutaaee ltrtnpnylo,5troptoooque( 
cSH 



Maiadia S Lyme (B. tnirgdoriei3r 



HSRjBc ftt 5155555 CT555g5c5q55T 



[Yerainiaj 

BSSSB5 iPneuraccoque, stapnyioooquej" 



Rickettaioze 



sypftitts frreponEmsT" 



Lepra {Mycobacterium leprae) 



Tetanus 

TCE55355S (DoycoDactenum tuDexcuiosET 



Uio&re exl 

test 



s <tua'&H," pylon 



cancer da au Fapuionjavjrue numain HFV 


□ 


iWeningueviraiB 


□ 


Pf ftytMft fnfnnttin fluo au Kotgvirao 




MononucieosB uuecoeuae ikb V) 


□ 


Kncepnnntaviraia 


b 




' □ 


nevra apktouao IPicornaviruSJ 1111 


□ 


Hoiioosytiitc a ejstcrovffuo 


-tr 


tifevre k^marraglquo (bengue, Ebola, Lassaj 


□ 


"Rage (Rhabdovtxidae) 


a 


HevrejauiiB CFlavmrufiJ 


b 


kbume p| 


tmppe torfliomyxoviruajyi^u 






□ 




■ □ 


Hubble (Rubiviru^ 


□ 


msHKCTreao 


"tr 




D 


TnrmnntxlftjiWKHtnn & CytoaftOgalovirog 


a 


variceiie (kerpesvirua) 


b 


lafBstion respuatottc iParamyjcovirua) 


□ 


VarJOJc pwfoia) " ' 


b 






b 


Lcucame st paralyse ones au HLV-i 


□ 


Autre 


b 


Infections Dsrasltalres 




□ 


Maiadia de cttagaa 




UttMMOSS 


EX 


Maladiedu sommeu 


□ 




a 


Malaria w 


_ ^ 




- □ 






l&sphantlasis ^ikw — ^ " J 




racuntocystose 


b 


Bonmoooooose 




□ 


PilHrtnwi |— 1 


Ttwopiasmose q 




a 








b 
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AfipWgdloflO p 


wancuoose 


□ 








□ 


Pfocardla w " ^™ 


□ 


Pneumocyotose 


□ 


Autre 


□ 






1st 


carcio-vascmairo ' 


□ 


Dennatologte gg 


smaiyoiogje 





Enaocriodbgk ' " ^ 


□ 


O&stro- intestinal — ■■■■■■m 










wepanquo 


a 


i tw mi im pMffB l^j] 


Metanouqua 


□ 


MtiBouaire Q= 




□ 


6phtnlmologffi ~ " 


□ 


Oto-KaJao-unynsmogto - - — 




PE^cniatxIe 




REspirattnra — " ' 


d 


urogenital 


□ 




□ 



2^ Les Maladies. 

Ecrtvezde 1 & 5 mota cite pour identifier d'autres maladies plus Bpeciftques (example : le 
dlab&te) 

Qarteflffhritg Aithrite rfnnnatoXdc 



2-4-4 Definition Ubre* 

Pcmr d&rire voire invention ptasprfcis&nent, vous pouvia fcdiqaer 5 mots clfis non inclus dans las prfc&tentes 
Site inhibltmirs da la voie anti-inflammatoiro anticanc&eox cMmfe chftapeotime 



: 
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2-S NouveautG de l'lnvention 

A partir de la description, mettez 1* accent sur les nonveantes et le caractare original do l'invcmion. 

La caract&iration du domain© nominal d'olfeom&isadoa da la protdinc NEMO peimst d'enirevcrfr da nouvelles 
moJfiulas qui peuvent potentifillcmont representer nno nonvelle classe d*inhibiteur de la. voie NF-ltB. LinteiSt de 



dbler la proline NEMO est decrit dans la PX 03-29, 



Ea quel V invention diffaia-t-elte do technologies daja oxistantc ? 
Sana objot 



Quo! probtemo permet-ella do rSsoudre, at avec quote avantageg ? 
Sans objet 



2-6 Applications IndostrieUes de l'lnvention " 

Sicelan'apas dtftoUq^prdcWeininBi^ quelles Honiloaprindpajaa applications de r invention ?Ba phis dea 
debouches imm&hats, d'antres applications ponnaient-eDea toe envisagees evcnojellement ? 
^rlBmaichidesKotechno^ 6ontl& 
concentred on effective est trfea Save* Nos picduita plus apfclfiques piesentent done on a tout majesr pour tomes 
lea entreprfses interessees par des Inhiblteura speciflqucs da la vole NF-iB. 

- Sot le match* dea entrcpxises pnarmacentiquaa, notze invention on les prodnits qui peuvent en danver peuvent 
donner Ilea a an usage thfirapeudque comma and-tnJQanunatoixe et comme and-cancereux. 



2-7 Llmltes de l'lnvention 



^invention prdsenieH-clle dea inccmv&tients on des limitations ? PenvenHIs fitre snnmmtes ? De ouelle 
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Unven&m oonacitue m» oible inoleculairc tfcSrapemiqua pour cribler tout un ensemble dt pettes molecules qui 
^!^^ t ^^^! ltgrer 18 d . te ^Somfiriaatioa da la proteins NEMO. Ella pent done xepifeentar una 

n'estpat aisfie. 
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2-3 Autre* informations 



fj^^^^f^Ii^^^^J^Lf^ CBloloKiqixe ou autre) vous ayam^fovirni par une autre Institution cm 

f 1 ? 8 ^S rd 1Wert * Materiel (MTA) ? Dans ^affirmative, prtcisez la 

nature do cot element, sadate dfi reception et les ooordonnees du fouruisseur. 



Nature: 



Date de reception : 



Coardoxmiea du fbumisseur : 



3-M Exiate-il, & la coanaissance de Pinvcntcur, d'autres brevets ou publications cencernant P invention 7 
(Une recherche panni les brevets existams a-T-eHe fte* effiacmce?Dans Paffirmative, avec quels resuKats 7) 
□ Qui 53 Non 



li^bS^ 1 ^ ^ int£rSt 7 le n ™ to compagnles ou des 

Toutes entrcpriscs de biotechnologies interessees dans la transduction du signal et dans les inhiWteurs 
speom^ucs de la vole NF-kB. 

Toutes les entreprfses phannawutiques interessees par des nouveHes molecules egJssam comma anti. 
mflammatoires et conune anti*csncereux 



Dosnez la liste d'autres entreprtses potentlellement interessees : 



Dtffisez cet espaee pour developper et fouroir des donnecs complementaires sur P Invention 



l^^J^^XS^ ooncen^l'invennonson.us disponibles ? Intfcruezleur 



rfif&caca et leur anplneamen^ sans les join die. 
Reference 
N°006644 
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' SKSIoSf ^ " ' " TRAITE DE BlfflAPEST SllR Lft RECONNAISSANCE INTERMATIONALC DU DEPOT 

^ " RaH ^J!£S^ l S >S *J$!* fm K I* PROCEDURE EH KATTERE DE BRENTS 

» HI«raHNHK RSI THE WWEE5 « «TE« SeiaRE 



CNCM 

Coneeuei) Notional© 

do Cultures de Microorganismes 

INSTTTUT PASTEUR 
§5, Rue de Docteur Roux 
F-7S724 PARIS CEOEX 13 

Yvonne CERISIER 
Dktctan>Admintentt& 



AUTOMTE DE DEPOT IHTERHATIOHAU 

MTlBttnORAL Mm HART WTH8SITY 



rarvins warn conversion conformement a la regle ca& 

m the cos* of a ctmvcrsian pursuant to Rule 64sd * 



53 



* TYPE DE M1CROORGANISME 

7>jra of microorganism 

* MICROORGANiSAffElSOLE 

Sr/Jp/fl microorganism 

MELANGE DE MICROORGANISMES 

Mixture of microorganisms 

ouaHulea iafeetfes, containing, 
or utfected ceus 4 • contaminated calls, etc 




CULTURE CELLULAIRE. 

Cell culture 



"S^J^CAS ECHEAHT U ttWBRE DE HlCROOaSAMSHES ET LEURS TYPES 
HIVE TO OF KOTOBftKISW Att> THEIB BHDS «EE APPUORf 



J^SOUSSIQNE DEPOSE LE MATERIEL EDENHFIE CLAPStiESfBT smiinAflR ▲ 



77ie undersigned 
undertakes not to 



deposits the material Identified hereunder and 
'•"the depostt for the period specified in mleSKL 



30 e/3 - CS 



DEPOSANT(8) 
Nom(s)etadrtS8e(9) 
Deposrtor(s) 
Name(s) and addressees) 



SERVICE DBS HBEVET8 
IN5TITUT PASTEUR 



25-ZB, rue tfoDactBurRcux 
7S724 Paris Cede* 18 



»^Rronnx ton ore rekplie sass ratwes hi surcharges 

TO HRItttU EE CULT CBPinBtoT^ tEUTTO OAOTSOTW^ 



COX, 901 
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REFERENCE D IDENTIFICATION 

Identification rtftrvict 



MSU43 
Dm 



P. 61 



DESCRIPTION SCIENTIFIQUE 

Scientific description 



□ 



COCKER SI DES IflFtJRHAnOJiS COtPLEHEKTAIftES $0NT FOURfllES SUR URE FEUIULE JOINTE 

KMX Vim A CROSS IF AMlTOttl IS flJVES CB M» ATTAWED SHEET 



C&raetertstigues el ptodiictiuus des cflhilgs 

Characteristics and products of the ceils 

COCKER US CASES QUI CONVXENNENT ET D0SKER OES INF0RHATI0H5 COWIEHENTAIRES 
HUQt IftTH A 90$$ WHERE APPUCPfitt AD BIKE ADBITXttAL ttWWATIffll 



□ 



Ibbrldam 



Myflo&ei 

Myeloma destitution 
Sp£dfieltf aatfegnlqae 

Antigenic specificity 1 

Own ig 

Antibody subclass : 

StabflMdetestattiafl , 

Stability of secntUm 



□ UgnGe g£n£tfqutme&t roodUlte I I Vectezxrts) 
Gerteticctfty modified cuU fine L— J Vectors) 



NiLtUdcQCldblssn(s) 

□ 



□ Cdlnlra Infect&s (virus sanvage) 
CWfc infected by a vnld^eype vims 

FCy Lignfe cellulaire tnjuvefleaient stabile 
Newly established c£QWu 



Description — 

R fi fSwc caMMI fl g rap h f qnBa 
IJUefatunrefiiGnxee 



L'IKDICATIOS 0£ CE5 IflflJKKATlQHS EST FACULTATIVE, MAIS UIVBCEHT RECOKAHKE AUX TEBKES 0£ U R£GL£ 6.U> 

the ssjwna g gqjjpgaiaig a crosa, snsvav scdmsdb) a aocorovbs una sue e.i.t 



CETTE F05XULE 00H ETEE RDtPUE SAHS RATUKES HI SURCHARGES 
Tffff ROM GOOD BE EiLY OWUTTED BTtiOST KITTOO (ft AlimTTDf | 



CELL 93/2 
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PI 143 

Date 



P. 62 



4. 



PROPHICTES DANGER EU3E3 POUR LA 9 ANTE OU L'ENVIRONNEMEMT 

Properties dangerous to health or environment mvnn,ua * nT 



□ 



Iflroltare on le milnnge Wenttfle sons le ehll&D 1 a le* propria tfrivaata out 
Cjesaiteat ou pwivcnt presenter dp datt&*B jronar la acute ou/ttlSnivlrtmiiEment 



□ 



SSL? £2 W?«W»«S COWlfHBITAlWS SOW FDURNieS SOU UNE FEOIUE JOWTE 
mk ww * oaaj u Mmnwu. annum BcnnitfflAa attwob «st 



The undersigned £ not aware afsuehpmperda. 



COCKER W CASE QUI C0HVIENT 



JStUf ACTIOH OISECTE OU IHDIRECTE, CONHUE OU PREVISI81E, SIR OUELQU'ORSA- 
IS^SLS^ J°" (AHI,WL ' VKETAL 00 AUTRE) OOTT ETRE See! 
w Kin kotmHtS^ k UKlY ™ K B1PB:reD » *W AHimu veectm. « arm 



5. 



CONDITIONS OB SECURTTE POUR LA MANIPULATION DE LA CULTURE 

B/osefety measures required to manipulate the culture 

□ LI /PI JgJ L2/P2 □ L3/P3 Q _ 

»f» woteteoieg / maw, mangi «, ]araTy(na ta,^,™ ,» 18eniB0 



6a. 



C0NWTI0N8 pE CULTURE - parte 1 

Conditions for cultivation -Part t 



□ 



SSShV^ «SK?2L 0SS »«"»IW S0»r FOURHJES SUR UNE FEUILLE JOINTC 
Wffl? WITH A CROSS IF AUDiTlOfcu. iKFCWTXMi IS OTO! ON M ATlAqta) ffiEET 

its) 



MUfeudB culture (avec Ins r£f£rextce9 prtdses des 
Cuttunme&m (gvtfidl detail* ff spadclformul 



BtcartoBate tie sodium 

Sodium bicarbonate 

Temperature cpttaate 



Atmosphere 
Gasema phase 



xrecauftw to to taken far tfatwtng 



s&PZocabaticm 
shaking system, etc 



Punter \ 



Solutions 

Solutions 
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Identification reference 



mm 

Date 

Date _ 
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6b. 



CONDITIONS DE CULTURE - patties 

Conditions for cultivation - Part 2 

COCKER SI DES IHF0RHAJION5 CQHPLBSOTAIRES SQNT RWRMES SIR UNE FEUIUE JDWTE 

mm wtb k eon if ADonzoBu. ntrottAn* 11 oveb «i ar attaSSd inr 

IJppe de cultmsj (cellules en suspension, cellules adhtontes, J} et marnholoefa aDnJaire atfendue 
3)^ ^ct^;jtop^/c^ mo/w/cyw; etc, and ejected ceU mdrphotcw 



□ 



Density ceUalalre attendee 
Expected ceU density 

D€faib pour is passage des eeOules 
Tschnlqutfarrcuthie sub-culture 



. DurfedfivteUmJtge 

lAmited tffeypati 



Rsxn&njnes 
Comments 

in 



gL jgAojg 



7. 



^J5GJP ^ V ¥ IF, 1 R P P U « CONFIRMBR LA ViABILXTE DU DEPOT 

Activities to be checked confirming the viability of the deposit 



□ 



S?S» S /JSS L N E5E!1 Q,|S COHPUHEHT/URCS SORT FOURMES SUR WE FEUIUE JOItfTE 
K«H WW A crass JF «BffTDJ»L IRFBftttTICN IS MtSH <* AM ATTW5D SOT 



il^S^ ^akroorcani^nes. la d&bntfaij dot contemr ea outre la description 

des composants da m&angfi et tPan molnamxe des mftfaote Dermelfcuit d* verifier lenr nr&enije mMe^^un 



a. 



CONDITIONS DE CONSERVATION 

Conditions for storage 



□ 



Milieu dt suspension 

Suspending fwtd 



»W WITH A CROSS IF ADOCTHSAL KFCWTKU U OTQ! «l AK ATDMKD SHEET 



Modalitfs de la recalls des ceQuXcs 
Technique for cell harvesting 

Modality da la congelation 
Technique for freezing 

Antes iDftmnfittons 
Further comments 



KTTER»eu ran ens rewue sahs mtores ni surcharges 
this Fssa omo e outf cwuno wtwdt tamos ra AircsAnoas 
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INFORMATIONS SUR LA CULTURE TRANSMISE - ^ 

nfeessaires fides fins dTmportatioil etfou d'emortaUori 

Details on the transmitted culture required for export/import formalities 



n 



22EL S J.£P MraRHATiOH S CCHPI PCKTAIRES SOf/T FQURHICS SUR USE FGJXUX JOINT* 



^S^^Sf^E^ 13 qg*fote a tfogmtour, rffgrence, lot, date, pro d'odgioe) 
References of the organic substrates (supplier, reference, fcudC<k£ anm^^orT^ 



9a 



Further detaffs on the transmitted culture 



□ 



KW WTH A ttttl IF W8J1TWW. HTOiWTIUS IS 6IV» 0* AJ ATTACHED SHOT 

Niveau da pas* *ge fa I* culture transmit 



Date de preparation 
Esfts cj preparing 

Concentration at cellules 

Co// concentration 

Date dn dernier contrflle de viaMlitt 

Date du coatr61e tftoAfltf dca amponta 

Lastairtigitness cheek of the vials (date) 

CONSOLES DE TOMSK rfcente 
Last FORITr CHECKS 

Bacteria -FungB 




Date/ Passage 
Date/ Passage level 



Kesuts 



S C0OTAaiBATI0«, U DEPOT DOIT ETOE declare come 'HELAKGE 



Antres information 
further comment? 



mmmrjmmSe^J^jgSBSSSS ™ 



CCTTE FWKULE OOn ETRE REHPUE SAflS IWTURES at SURCHARGES 
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9b. 



INFORMATIONS SUPPLEMENTA1RES 

Additional information 



P 



COCHER SI DES INFORHATIQXS CONPIEHEHTAIRES SQffT FO URATES SUR IffiE FEWUf JOltTTE 
«»nc wth a cuss u «nm«ui unrounra is airai cs an attached 



? ri ^? E , U ^ tOT ^ ul ^ TO ^ wailI ^ e ( ~ complement fivmhid aux indications 

Sweqf the ceQdultun or the mixta* (as far as not ghf&i wider 3 abort) 



sons lc diifteS) 



Stabile 
Cell tine estabi 



Cellule clone* par 

Cell cloned by 



Ie 



Autrea tnformatioas 
Further comments 



CES INFORMATIONS HE SQKT LItES, HI AJK DISPOSITIONS K5 REBLES 61b 62 a. 111 7 fl FT 



C^i'tte-f OOsJ (Zero's £ ^ 0~,>C 0nca^. l^>fc.t>-i^~ (©J-Cu^. 



ThocsaaU^r^as^ far ^purpose cf deposition winbetraAaHlttedin (fyke 
sous tome de 12 tehantataaa. dtomfimelot, «s tabes touches, maraud 
a» 1 Z sumplej from the tame batch, in abt&t vials, marked at re^u^l 



a 



on cn azote liquids 
or in fiqwd nitrogen 



□ 



DATE 

Date 



SIGNATURE., 

Signaturefsj 

Danielle BERNEMAN 
Chaf iu Senrtos des BravBis 
atnventoo. 



SIGNATURE(S) du(des) SCIENTIFIQUE(S) 
R£SPGNSABL£(S) 




TEE KAJEIJ? Tffi fctfttSAL FEgSKS SISSSQ <£ KHUf Q? TH! LCML EHTXTY JEBOtD ACCttVAIf TO JlSJEATtBEj, 



COTE FORHULE DOIT ETRE RBPUE SAHS RATURES HI SURCHARGES 
Tan ran tacLo Bfi raur cwuted wthhjt CELEnra fa aueratios 
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-s •5S2 E L^!2:S Z A W2 ?2LJS B 2.5^ TIF * u PwnwniM res travaiubirs cdbtre us wsques resultant de , 
b s tnm Exposmwi A ces Aeons BioioaiquES - uoi n° c-w du is juiliet 1992 roativf au ottrdle de 



CNCM 



Collection Mattonafe 

de Cultures de tfficroorganfsmes 

INSTTTtrr PASTEUR 

S5, Rug du Docteur ff dux 
75724 PARIS CEOEX 15 
Til (99-D45686GD 



ADDE8DUH All FORHULAIRE DE DEPOT 
ADOESDUS TO T8M APPLICATION fOfig 

otfgstofee ft paitirdu 4fsvrisf 1894 
RequMfaBftimiy4tk 1894 



REFERENCE ©'IDENTIFICATION 

Identification reference 



ffi&ERD OU $YfteOl£S, PAR OEKPLE, 

1 CTttPtt t «c # BT0E> TO THE 



COOES PAR U KHBMT AD HATERIEL 



-ORGANISUE GENEnQUQUtEHT MODIRE 

Genetically modified organism 



GUI 

yea 



CLASSE DE RISQUE 

Hazard group 



in so e«o 



RMUUfMLIIIAL ftttX 
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. ABSTRACT 

The murine NEMO protein (&1F-KB &$mtiel modulator) which plays a keyroie in the 
NF-icB pa* way activation is associated with the QCKa and IKKp protein kinases in a 
high molecular weight complex called the DOC complex. The IKK kinases are 
activated by phosphorylation upon a still unknown mechanism which has been 
hypothesized to occur upon NEMO oligomerization. We have shown that the O 
terminal domain (AA 241-338) of NEMO is responsible for the trimerization of the 
protein (Agou, JBC 02). This domain contains two putative cofled-coil motives, the 
OC2 motif and the leucine zipper LZ motif, a proline rich region and a putative Zinc- 
finger domain at the far Otetorinus of the polypeptide, We have expressed in E. coli 
and purified various truncation mutants of the C-tenninal domain of NEMO. By gel 
filtration and equilibrium sedimentation of deleted recombinant proteins we have 
show that the proline rich region and the Zinc-finger domain are dispensable for 
NEMO oligomerization. We have shown that the CC2-LZ recombinant polypeptide 
self-asso dates in trimer with an association constant dose to the one of the wild type 
protein while CC2 and LZ synthetic peptides self-associate respectively in trimers 
and dimers with a 100 times and 40 times weaker ass ociation constant than CC2-LZ. 
By functional complementation we have shown that the CG2 and the LZ domains are 
nevertheless crucial for the activation of the NF-kB pathway by LPS. When the CC2 
and the LZ synthetic peptides are mixed together in an equimolecular ratio they form 
a unique and stable molecular species with a MW corresponding to a heterohexamer. 
The physical association of CC2 to LZ was estabHhed by fluorescence anisotropy 
uBing a bodipy labelled LZ synthetic peptide. These results indicate that the 
trimerization domain of NEMO contains the CC2 and the LZ motif (AA 251-337) 
which associate in a stable heterohexamer. A model of the trimeric structure of 
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NEMO is given in relationship with its putative activation mechanism. The structural 
relationship with the six helix bundle of the ectodomaina of the HIV-1 gp41 
transmembrane glycoprotein is discussed. 

INTRODUCTION 

Hie NF-xB signaling pathway is implicated in the regulation of eukaryote gene 
expression in response to proinflammatory signals, to viral proteins, to antigens, and 
to cell growth and morphogenesis regulators (revues rficentes). These extracellular 
stimuli promote NF-kB activation by phosphorylation of die IkB kinases IKKa and 
KKfi. Activated IKKs phosphorylate in turn flie Inhibitor of kB (IkB) molecules 
which sequester the NF-xB transcription factors in Ae cytoplasm. This 
phosphorylation followed by ubiquitination results in the degradation of IkB by the 
proteasome, allowing Ae NF-kB transcription factors to enter the nucleus (Karin, 00, 
Annu Rev Immunol). The IKK kinases have been found associated to the NEMO 
(NF-xB Essential Modulator) protein in a high molecular complex, the IKK complex 
(Yamaoka # 98 / Cell; Mercurio, 99, Mol Cell Biol, Roth wart 98, Nature). NEMO (alias 
IKKy, FIF-3, IKKAF-1 to human), while devoid of kinase activity, behave as the key 
regulator of the NF-xB pathway as its genetic inacti vation (Yamaoka, 9% Cell; Makris, 
00, Mol Cell; Rudolt 00, Genes Dev) or its biochemical inactivation (May,0D, Science) 
leads to Ae inhibition of the pathway. The presence of the C-terminal domain of 
NEMO is crucial for IKKa and KKfl phosphorylation and more generally for 
activation of Ae NF-xB paAway (Ye, 00, JBQ TegeAoff, 03, Mol CeU Biol). This 
activation mechanism is still unclear today. The enforced oligomerization of Ae N- 
tenninus of NEMO through fusion wiA the FKBP12 polypeptide was sufficient to 
activate Ae NF-xB cascade (Poyet 00, JBC). Huang (02, FEBS) demonstrated that Ae 
binding of Ae well known NF-xB activator Tax to DCKy promotes its oKgomerizaiion, 
NEMO oHgomerization has thus been hypoAesized as Ae molecular activation 
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mechanism of the IKK complex (biohara, 00, JBC; Poyefc 00/ JBQ Poyet 01, JBQ 
Agon, 02; Huang, 0*, FHBS; Tegethofi 03, Mol cell biol). Huang (0*, FEBS) 
established, using the bis(Bulfoccinimidyl)suberate crosslinker and in vitro 
ocosslinking of purified IKKy protein, that IKKy auto-associates in dimers and 
trimers. Roftwarf et a}. (98, Nature) using the EGS (ethyleneglycol-bds- 
sucxinimidylsucdnate) crosslinker and recombinant protein found also dimeric and 
trimexic forms of IKKy but a recent publication using the same broad spectrum 
crosslinking agent in crude HeLa cell extracts emphazised that IKKy associates in 
tetramera (Tegethoff, 03, Mol cell biol). We have demonstrated using the cell 
permeant cystein-spetific crosslinker BMOE (bis(maleimido)ethane) and HeLa cells 
that NEMO associate in vivom dimer and trimer (Agouet at 02, JBC). We have also 
shown that the purified C-tenninal domain of NEMO self trimerisses (AA 242-388) 
(Agou, 031, JBC)- Tegethoff et aL (03, Mol Cell Biol) have genetically restricted the 
minimal ollgomerization domain (MOD) of IKKy to its 246-365 region. The C- 
terxninal domain of NEMO contains three predicted structural motives: the CC2 cafl- 
coiled motif (AA 246-286 in mouse), a Leudne-Zxpper (LZ) (AA 303-337) and a Zinc- 
Finger (ZF) motif at the far C-terminus of the protein (AA 390-412). Mutations or 
deletions in CC2, in LZ, in ZF and in the linker region between CC2 and LZ result in 
impaired NF-kB functionning and in severe human diseases (Ddffinger, 01, Nat gen; 
Makds, 02, Mol Cell Biol; Huang; 02, Mol Cell 81 ol) ), Mutatio ns in the AHD2 region 
of the ABIN-1 NF-xB inhibiting protein, a counterpart of the CC2-LZ linker region of 
DCKy, abolishes the inhibition of the pathway by ABIN-1 (Heyninck, 03,FEBSX] A 
role of each of these motives in NEMO oligomerizaiion could be hypothesised. 
By functional complementation of 13E2 cells we demonstrated that CC2 and LZ are 
not dispensable for the rescue of die NF-xB pathway activation. Using purified 
recombinant and synthetic sub-domains, we quantitatively analyzed the rales of die 
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CO, LZ and ZF domains in NEMO oligomerization. We showed that the ZF motif is 
dispensable for oligomerization. We demonstrated that die CC2 motif displayed 
trimeric self association properties and that the LZ motif strongly contributes to the 
oligomerization process. We propose a structural model of the trimerized C-ter 
domain of NEMO and discuss it in relationship to the structure of ectodomains from 
coiled-coil end LZ containing proteins like the gp41 of HIV. 

EXPERIMENTAL PROCEDURES 
Reagents 

Functional complementation of L3E2 cells 
Transient transfection 
Stable transfection 

Peptides and recombinant NEMO sub-domains obtaining 

The following peptides were synthetized by F. Baleux (Unit6 de Chimie Organique, 
Institut Pasteur): CC2 (^iJOTi^QQtjQQAB^ 

mutated CC2 named CQ^ (USDUtQQSC»AREA^AKQBl^^ in 

which mutations are underlined, LZ in which the putative leucine zipper begins at 

i 

Lks (^aUCAQAD WKADFQABRHAREKL , 

N-terminal Cys Bodipy (B) labelled LZ (Ac-Cys-p-LZ) called Bp-LZ in which p 
corresponds to penetratin (RQIKIWFQNRRMKWKK). 

Gel filtration analysis 
Sedimentation equilibrium 

- Peptides LZ and CC2 (2QQfiM each) were pre-mixed (xxx min) in 4M guanidine, 150 
tnM KC1 and 1 znM DDM containing 20mM Tris-HQ (pH 8.0) buffer. The column 
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waa preeqirillbrated In 200 xnM Nad containing SOmM Tris-HQ (pH 8.0) buffer 
prior to loading with the peptide mixture. 
Fluorescence anisotropy 

Bp-LZ - CC2 hetero-association experiments were performed in 150 xnM KC3 
containing SOmM Tris-HCl buffer (pH 8.0). Bp-LZ was used at a 100 nM 
concentration, and CC2 and CC2 Mat at various concentrations (see legend Fig. 4A). 
Anisotropy measures were performed with a FT1 fluorometer (excitation at 495 nM 
and emission at 520 nM) after a 3 hours preincubation of the samples at 22°G 
Measures were at least performed in duplicates. 

RESULTS 

Deletion of the CC2 or of the LZ motives or L to S mutations in the LZ motif cancel 
functional complementation of L3B2 cells by NEMO. 

We have already described the 1.3E2 70Z/3 murine pre-B cell mutant (Courtois, 
97,Mol Cell Biol) and we have demonstrated that the mutant do not express NEMO 
and is non-responsive to LPS activation (Yamaoka, 98, Cell; Fig IB). 1.3E2 cells were 
transiently co- transacted with the reporter plasmid IgK-iuciferase and with a 
plasmid bearing a Nemo wt or mutant gene (Fig. 1A). When transacted with a 
control plasmid and with the reporter plasmid, cells were non-responsive while they 
recover LPS response when transfected with flie wt Nemo gene. When transacted 
with a Nemo gene deleted from the region coding for the CC2 domain (ACC2) or for 
the LZ motif (ALZ), no ludferase activity increase resulted from LPS stimulation (Fig. 
1A). Stable transfection of 1 3E2 cells were performed with variants of the Nemo gene 
(Fig. IB). Stable transfection with a gene coding for wild type His-tagged NEMO 
resulted in a rescue of the Igtc oligonucleotide binding activity of nuclear extracts 
from LPS activated cells. When transfection was performed with a plasmid coding 
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for a LZ motif LggoS and L^g-oS mutant His-tagged NEMO protein, no target DNA 
retardation activity could be detected in cell nuclear extracts while the expression 
level of the endogeneous NEMO protein and of the wild type and mutant His-tagged 
NEMO proteins are comparable in the parental 70Z/3 cells and in transacted 1.3E2 
cells. 

Obtaining and purification of recombinant NEMO sub-domains 

The His-tag labelled recombinant NEMO C-teitxiinus proteins and the synthetic 
peptides (LZ, CC2) used in fids work are diagrammed in Fig. 2 A. SDS-PAGE analysis 
of the purified proteins is shown in Fig.2B. Three of the four proteins were purified 
to homogeneity and the fourth one (HisCter-AZF) migrated as a doublet whose 
minor component is a proteolyses His-tag deleted polypeptide whose nature was 
checked by WB (anti-His tag and anti-NEMO C-terminus antibodies) and mass 
spectrometry (not shown). The apparent molcular weights of die four proteins were 
in agreement with their calculated molecular weights. 
Dnak?? 

The C-tenninal ZF motif Is dispensable for NEMO oligomcrization 
We have already demonstrated by sedimentation equilibrium that die His-tag 
labelled ZF truncated C-tenninal domain of NEMO (AA 241-388) auto-associates in 
dimers and trimers (Agou, JBC, 02). We have performed size exclusion 
chromatography to compare die apparent Stake's radius of the His-Cter wt and of 
the His-Cter AZF recombinant sub-domain of NEMO. The 280 nm absorbance 
distribution diagrams of die His-C-tor wt and of die HisOter AZF polypeptides are 
shown in relation to their elutlon volume (Fig 3). Hie two proteins elute at very close 
volume (xml for wt yml for AZF), measured at the tipping of the peaks. The Kav of 
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the wt and of the AZF proteins were respectively (xx and xx) estimated by 
comparison to the Ra (A) of standard proteins Onset Kg. 3). The Kav of the Ws-Oter 
wt and of the His-Oter AZF proteins are those of trimerlc proteins. The broadnesses 
of the peaks suggest that trimers are In association with lower MW compounds. The 
chromatography was performed at different initial protein concentrations ranging 
from xxmM to yymM and the relative concentration of monomer/trimer (M/T) 
allowed to calculate the apparent K A of the association (Table 1), The K A (M/T) of C- 
ter wt (10* M 4 ) was almost identical to the K X (M/T) of C-ter AZF (9.9x10^). 

The m i ni mal oligomerization domain of NEMO Is CC2-LZ 

Having established (see above; Agou, 02, JBC) that the ZF motif is dispensable for 
NEMO oligomerization we next deleted the proline riche FPP region joining LZ to 
ZF (AA 337-390, Fig. 2). Gel filtration experiments with the ZF deleted His-CC2-LZ 
recombinant protein (Fig. 2) were performed at 0.5, 3 and 15 j*M loading protein 
concentrations (Fig. 4A). His-CCZ-LZ elation profile is concentration independent 
and monomodal even at a 0.5 j*M concentration. A slight concentration dependent 
difference in the elution volume of the protein is observed suggesting that at low 
concentration, the protein is xxxxxx. The Stake's radius of His»GG2-LZ was measured 
at xx A in reference to a calibration curve for globular markers eluted in the same 
experimental conditions (inset Fig. 4A). It corresponds to the one of a globular 
protein whose MW (xxxkD ) Is that of a fcrimer of His-CQ-LZ (theoretical MW: 
xxxkD). Its monomer/trimer K A was estimated as above and was 10 6 Mr* (Table 1). 
. 

CC2 self associates in trimers 

We then used synthetic CC2 peptide to analyse self-association properties of this 
CC2-LZ sub-domain. Various concentrations of CC2 were loaded on a xx column and 
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conditions CC2 and LZ again auto-associate respectively in trimer and dimer when 
alone (Fig 5). The Kav of the LZ peptide is shifted to a higher MW compound when 
premixed with CC2 suggesting an association of CC2 to LZ. The Kav of this complex 
correspond to the one of chymotrypsin whose MW (25 kDa) is close to the theoretical 
MW of an oligomer composed of three CC2 peptides associated to three LZ peptides 
(theoretical MW: 28.2 kDa). Note that the band is monomodal suggesting that most 
of the LZ peptide has been associated to CC2 in a more stable form than the LZ 
dimer. (Moreover, no peak was monitored at 247 nm located at the position of the 
CC2 trimer (not shown)) 

CC2 interaction with LZ was analysed by fluorecence anisotropy using Bp-LZ 
peptide as probe. Titration of Bd-LZ by increasing concentrations of CC2 resulted in 
a progressive increase of anisotropy which reached seven times the basal value at a 
lOOpM CC2 concentration without reaching saturation (Fig 5). We then replaced 
peptide CC2 by peptide Ctt^ The CC2 mutated CC2^ peptide bound Bd-LZ 
very differently (higher Ka, plateau at a lower concentration) (Fig. 5) indicating that 
the CC2 part of the peptide is implicated in Bd-LZ binding. Indeed, the CC2 M 
peptide behave as a monomer in gel filtration experiments (not shown). 

DISCUSSION 

Using functional complementation we have first questionned the importance of the 
CC2 and of the LZ domain of NEMO in the activation of the NF-kB pathway by LPS. 
Transient transaction of 1*3E2 cells by a Nemo gene deleted from its CC2 or from its 
LZ coding region cancel the NF-kB activity rescue upon activation of the cells by LPS 
(Fig 1 A). In a stable transaction experiment we also demonstrated that the rescue of 
die NF-kB pathway requires an intact LZ domain since an inner doublet of point 
mutations (Loar>3 and W>S ) abolish phenotypic rescue (Fig IB). It should be noted 
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that no significant difference in NEMO expression is observed between die wt 
parental strain, the wt Nemo transfected done and in die mutant transfected clone, 
ruling out the hypothesis of a pathway inhibition by overexpression of mutant 
NEMO in transfected 1.3E2 cells. Our experiments pointed out the importance of 
both the CC2 and of the LZ domain of NEMO in NF-kB pathway activation by LPS. 
Makris et al (02, Mol Cell Biol), but using MEF cells complemented with a Nemo gene 
carrying a single Laar> P mutation in LZ and TNFa or IL1 activators, observed a 
similar absence of phenotypic rescue upon complementation with this mutant gene. 
Hie L ->P point mutations in LZ very likely alter the helix structure of the coil-coiled 
LZ motif while we hypothesized that L->S mutations were more likely promoting an 
alteration of die oligomerization property of LZ (insertion of a charged residue into 
the hydrophobic surface of die amphipatic LZ helix) than changing die helical 
structure of the motif. Indeed a LZ peptide bearing die two L->S mutations is 50% 
dimeric while at the same concentration (10 pM) the wild type peptide is 100% 
dimeric in gel filtration (not shown). 

Using in vivo crosslinking (BMOE) in HeLa cells, we have shown that endogeneous 
NEMO is found as trimers and dimers and crosslinked to IKK in a 350 kD complex, 
very likely corresponding to the IKK complex (Agou, 02, JBC). We have also shown 
diat recombinant wt NEMO as well as a Oterminal truncated form of NEMO 
associate in dimers and trimers (Agou, 02, JBC). We hace therefore investigated die 
role of the CC2, LZ, PPP and ZF predicted domains of NEMO (Fig. 2) in its 
oligomerization. 

We first demonstrated that the ZF domain is not required for NEMO oligomerization 
as a deletion of this domain (AA388-412) resulted in a mutant protein (His-CterAF) 
with a Stake's radius (ou Ka?M/T) almost identical to die one of die His-Cter wt 
protein which is trimeric in die same conditions (Fig 3) and which we have 
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previously determined to associate in dimers and trimers in sedimentation 
| equilibrium experiments (Agou, 02, JBC). The homoassodation constant (Ka, AG°) 

of the mutant are very dose to those of the His-CterWT protein (Tab I). These results 
are in agreement with the Tegethofif (03/ Mol Cell Biol) conclusion that the MOD of 
NEMO can be restricted to the 246365 region of die protein and with our previous 
conclusions (Agou, 02, JBC). These results also strongly suggest that the ZF motif 
which is not implicated in NEMO oligomerization serves as an upstream activator 
anchoring motif as already suggested by several authors (ret* Huang, 02/ Mol Cell 
Biol; MakriB/ 02/ Mol Cell Biol). We next investigated by gel filtration the 
oligomerization status of the recombinant His-CC2-LZ polypeptide devoid of the 
PPP region (see Fig. 2), His-CC2-LZ eluted as a monomolecular trimer (MWxx) even 
at a 0.2 fiM loading concentration (Fig 4A). The monomer-trimer association constant 
of His-CC2-LZ was measured by sedimentation equilibrium at 0.8 ± 0.4 xlO 9 M* Le. 
very close to the one's displayed by His-CC2-LZ (0.5 ± 02 xlO 9 M* 4 ) and by His- 
CterWT (15 ± 0.7 xl(f M*) (Tab 1). Presence of the CC2-LZ Joining peptide is thus 
dispensable for NEMO oligomerization and the MOD domain of the protein could be 
restricted to the 251-337 region which contains die CC2 and the LZ domains. We then 
analysed the oligomerization properties of these two sub-domains using synthetic 
GC2 peptide, recombinant His-LZ protein and a synthetic LZ peptide (Fig 2). 
Hie synthetic CC2 peptide was submitted it to gel filtration analysis and to 
equilibrium sedimentation. In these experiments the CC2 peptide splitted between 
molecular species with Stake's radii corresponding again to monomers and trimers 
and the ration trimer/ monomer increases with peptide concentration. No peak 
corresponding to the MW of a tetramer was observed in this experiment. In order to 
circumvent die potential odd behaviour of short peptides in gel filtration we 
performed equilibrium sedimentation experiments (concentrations?). The better 
radial distribution fit is achieved with a two species model composed of monomers 
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and trimers (Fig 4B). It is noteworthy that a monomer/ tetramer equilibrium 
hypothesis is not supported by the analysis of the equilibrium distribution of the 
CG2 peptide (Fig 4B?) (commentaire sur une distribution trimoteculaire/ Tegethoff). 
lite Ka of this association equilibrium was 33 ±0.3 xlO 7 while the Ka for the C-ter 
wt protein was around 100 times higher (Tab 1). We can thus conclude that CC2 
display selMrimerization properties but with a weaker association constant than the 
full length C-ter wt protein or the His-CC2-LZ polypeptide. Similar gel filtration and 
equilibrium sedimentation experiments demonstrated that the recombinant LZ 
polypeptide (His-LZ) and the LZ synthetic peptide (LZ) self associate in dimers with 
respective association constants (M/D) of 9 + 5 10*M' a and of 6 ± 5 10* M" 1 (not 
shown, Tab 1). The straight of the LZ autoassodation (AG° of -6.6 ± 0. kcaLmoI 1 ) is 
weak as compared to the one of CC2 (AG* of -10 ± 0-1 kcal.mol 4 ) and the presence of 
both motives in theHis-CC2LZ polypeptide resulted in a trimeric structure with a 
very different AG" Ml .9 ± 03 kcaimoT 1 ) CTab 1). The fact that the LZ motif of NEMO 
associates in dimer but not in trimer like His-CC2LZ (see before) and according to 
the low association constant of this association we figured out that LZ could 
physically interact with CC2. To probe this hypothesis we mixed CC2 and LZ 
peptides and submitted the mixture to gel filtration analysis. Fig 5 shows that at 
peptide concentrations where CC2 and LZ alone are trimers and dimers (xpM and 
XfiM respectively), the mixture of the peptides generate higher stock radius 
components (between xx and xx A) which suggest the presence of CC2~LZ complex 
(eg). To further investigate this association we labelled the LZ peptide N-terminaHy 
with the bodipy fluorcchrom (Bp-LZ, see material and methods) and followed by 
fluorescence the anisotropy change resulting from the association of CC2 with Bp- 
LZ. A CC2 concentration dependent Bp-LZ anisotropy increase resulted from die 
adding of increasing concentrations of CC2 to Bp-LZ. This association is very strong 
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as ft can be observed In a buffer containing ImM DDM (n-Dodecylm alto side) and 
ImM DTE pithloerythiol) (not shown). We mutated CC2 in three of the leucines (t> 
>G) important for its self-trimerization (peptide CCW see material and methods) 
and controlled by gel filtration that GC^, is a monomer (not shown). When using 
GCZmu instead of CC2 in Bd-p-LZ titration experiments, a drastic change in the dose 
dependent anisotropy increase was observed (Fig. SB) indicating that the mutated 
leucines in CC^, contribute to Bd-p-LZ binding. Indeed the monomelic CC^ 
peptide associate to Bd-p-LZ at lower concentrations than CC2 and the association 
reach a saturation plateau which is not observed with CO. It should be nevertheless 
noted mat the mutated leucines are modelized as contact AA between the CC2 
heliceB and are thus supposed not to be exposed to the solvent and accessible to 
partnership proteins or peptides (ref). The contribution of LZ peptide sub domains to 
OC2 binding needs to be further precised as the peptide contains, upstream the 
predicted leucine-zipper, a stretch of 21 AA which could be implicated in CC2 
binding as it is predicted to form itself an a-helix (program?). Heyninck et aL (FEBS, 
2003) demonstrated that, in the ABHM-1 NF-xB pathway inhibitor protein, the AA 
444rS60 region bears the key-region for inhibition. This 116 AA long region carries a 
counterpart of the 21 AA stretch of DCKy (AA ^ In ABIN-1, AHDZ region) which 
must be surrounded by N- and Oterminal sequences, to provide the ABIN-1 
inhibitory function. ABIN-1 structure prediction (program) positionned (he AHD2 
motif in a coiled-coil environment like is the 21AA stretch of NEMO between the 
CC2 motif and the leucine zipper motif. Heyninck postulates mat ABIN-1 co mp etes 
with BOCy for upstream activators but a direct inhibitory binding of ABIN-1 to DCKy 
through its DCKy like sequence and its neighbouring sequences cannot be ruled out. 
In this region a point mutation in mis 21AA long sequence of human QCKy (D ai ->N) 
resulted in a fatal EDA-ID disease (Deffinger, 01, Nature gen) and mutants in the 
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fluorescence, verifying that our extensive washing protocol before FACS analysis was 
optimal to minimize any contribution of sui&ee-bound peptide in measuring NEMO peptide 
intemalizatioA (see "Materials and methods 0 ). Thus, these data suggest that the observed 
cellular fluorescence signaling mostly reflects the intracellular concentration of transduced 
NEMO peptide and not a non specific adsorption onto the membrane Butfeoe . 

Wo next investigated the kinetic and concentration dependency of cellular uptake for 
the Ant-CC2 BODIPY peptide keeping in mind that the transduction of other NEMO peptides 
Should occur in a similar fashion (Fig. 2B and 2Q. FACS analysis 5 h after addition of 70Z3- 
C3 ceil treated with 02, 2 or 20 pM BODlFY-Ant«CC2 peptide at 37°C demonstrate the 
linear dependency of me intracellular concentration as a function of die incubated 
concentration of the antennapedia fusion peptide as widely repotted in Utteraturo <«*>. 
Notably, the cells treated with the Ant-CC2 at 20 |iM and at 37°C already reach maximum 
intracellular concentration in 30 min and remain unchanged for up to 3 1l Since the time to 
induce a strong NF-kB activation in response to LPS requires 3-5 horns of cell treatment, 
these results indicate that the intracellular concentration of each peptide remains constant 
during the US stimulation. 

Specific inhibition ofLPS-tnducedNF-xB activation by cell permeable CCZandLZ 
To analyze the inhibition potential of US-induced NF-kB activation by cell 
permeable BODTPY-Am-CC2 and BODOT-Ant-LZ peptides, we stably transfbeted the 
murine pxe-B 70Z3 ceD line with p l2XIacZ*B. which bears the frgafactotirfase leporte r gone 
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as the ratio of the ludfer ase activity in cell extracts torn die corresponding cell line in 
presence and in absence of LPS activation. 

B/ Permanent transfection: Western blot (WB) expression of NEMO in in cell extracts 
from 13E2 ceOs (fi), from the parental 70Z3wt cells <Z), from 13E2 cells permanently 
transfected with a wt Nemo gene (WT) and from 1 .3E2 csils permanently transfected 
with a Nemo gene whose L342 and 1349 of the LZ motif were mutated (L342S-L349S), 
HA-NEMO, His-tagged NEMO; mNEMO, endogeneous NEMO. Gel retardation 
analysis (EMSA) of nuclear extracts from resting cells (-) and from cells activated by 
LPS(+) of the indicated cell lines. 



flpMEfr Recombinant proteins and synthetic peptides 

A/ Diagram representation of the wild type NEMO protein (WT-NEMO), of the His- 
tagged (His) (black box) recombinant proteins His-CterWT, His-CterAZF, His-CC2LZ 
and His-L?, and of the synthetic peptides LZ and CC2 used in the experiments with 
box representation of the predicted coiled-coil (CC), leucine zipper (LZ) anf Zinc- 
finger (ZF) motives. Amino add numbering correspond to the mouse NEMO 
protein* 

B/ Coomassie staining of tike indicated purified recombinant proteins. The MW 
ladder for the His-CterWT protein is on the left of the panel, while the ladder for the 
other recombinant proteins is on the right of the panel MW are expressed in kilo 
dahons (kDa), 



HgmaJg Analysis of the ZP deleted recombinant NEMO protein by exclusion 



Distribution profile of the His-CterWT and of the (His-CterAZF) tecoml 
proteins in a gel filtration experiment The gel filtration was performed as described 
under "Experimental procedures". Proteins were followed by absorbance at 220 run 
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and optical density was plotted against the elution volume (Ve) in mL Distribution 
profile of the bovine serum albumine (BSA) and ovalbumine (OVA) molecular 
weight standards are shown in dotted lines. Inset; calibration curve for globular 
proteins measured under the same experimental conditions. Chymo v chymotrypsin; 
Rfbo. A, Ribonuclease A; Cyt. C, Cytochrom Q AproL, Aprotinin. The K, v of the Hfe- 
CterWT and of the His-CterAZF recombinant proteins are Indicated by arrows. 

BgSa&A: Analysis of the oligomedzation state of the His-CC2LZ protein and of the 

CC2 synthetic peptide 

A/ Exclusion chromatography 

Distribution profile of the ffls-OC2LZ recombinant protein and of me CG2 peptide in 
a gel filtration experiment. The gel filtration was performed as described under 
"Experimental procedures". The u molar concentration of the injected product is 
indicated at the top of each corresponding diagram. The His-CC2LZ protein was 
detected using 220 run (low protein concentrations) and 280 nm (high protein 
concentration) wavelenghth absarbanoe while the synthetic peptide was detected 
using 220 nm absorbance. Absorbance is plotted against the elution volume in mL 
The elution profile of several globular protein used as standards are shown as dotted 
lines. OVA, Ovalbumin; Chymo.. chymotrypsin; Ribo., Ribonuclease ; Cyt. C, 
Cytochrom C Insets; calibration curve for globular proteins measured under the 
same experimental conditions. The log of their MW (Da) is plated against their 
BSA, bovine serum albumine; Aprot* Aprotinin. The K„ of His-CC2LZ and of CC2 
are indicated by a black square and by a black dot with the theoretical position of a 
tetramer (Tetra), of a trimer (Tri) and of a dimer (D) of each of me polypeptide. 
B/ Equilibrium sedimentation 

Analysis of the CC2 peptide by sedimentation velocity. The experiment was 
performed as described under "Experimental procedures". Sedimentation profile of 
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CCZ was recorded at 230 nm as a function of the radius of migration,(top pannel). 
Die sedimentation data were fitted using mono-specie* models (monomer) and a 
two-species model (dimer or trimer) as indicated at die tap of the 3 corresponding 
bottom pannels in which the residuals are plotted against the radial distance. Inset: 
Percent of monomer (circle) and trimer (black squares) species as a function of the 
/nnolar con ce ntration of the CG2 peptide. 

H gure S: Analysis of the interaction of the CCZ peptide with the LZ peptide 
A/ Exclusion chromatography 

Distribution profile of the LZ peptide, of the CCZ peptide and of a mixture of the 
CC2 and the LZ peptide (CC2+LZ) in a gel filtration experiment Aborbance was 
plotted against elution volume in mL The CC2 peptide was detected at 247 nm while 
the LZ peptide was specifically detected at 280 nm.. The elution volume of markers is 
indicated (arrows), with their MW in JcDa, at the top of die panel: Chyme, 
chymotrypsin; Cyt. C, Cytochrom C; Aprot., Aprotintn. The gel filtration was 
performed as described under "Experimental procedures". 
8/ Fluorescence anisotropy 

Figure 6; Model for the trimeric structure of NEMO 
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Initial peptide 
concentration 


Speed 


Single species 




Monomer-trimer 
equilibrium 




MM 


xpm 


Da 




NffrlO 1 ) 




35 
35 
35 


ill 


6600^300 
6550*200 
6250 ±200 


20 
54 

263 


2±1 
13 ±02 
13*0.1 


18 
40 
90 


15 
15 


40000 
55000 


5800 ±200 
5300 ±150 


62 
60 


35 ±0.7 
5±2 


50 
35 



Table I » 



with the CC2 peptide 



Ufa-tagged protein 
or peptide 


OUgomerio 
state 


I Monomer-Ttimei 


Monomer-Dimer 
Association 


Homo association 
energy 

AO* Ckcal jnot 1 ) 


Hfc-CterWT 
His-QerAZF 
His<3C2LZ 

Hfc-LZ 
LZ 

CC2 


Trimer w 

TUrner 

i>imer w 

Tenner 


1.5 ± 0.7 x 10* 
O5±02xl0» 
0.8±O4xlO» 

33±05xl0 7 


9±5xl0* 
6±4xl0 4 


at 293-15 K 
-123 ±03 

i -11.7 ±0.2 

-11.9*0.3 

-6.6 ±0.3 

-6.4±0.4 

-10jO±0.1 



Tal " e tt ' T * Me — «1 *> -Usom^to of nemo mm 
proteins and of NEMO synthetic peptides 

1*. oUg^ state of NEMO Hi9-tagg«d (Hi.) ^ rf u 
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constant (K A ) of the Monomer/Trimer (M*), of the Monomer/Dimer (M 1 ) equilibria 
as well as the AG 0 (kcalmoM) of die reaction are given for each of the polypeptides, 
(a) Data are taken from Agou et aL, JBC, 02.: (b) values calculated from gel filtration 
experiments while others are from equilibrium sedimentation. 



REFERENCES 
Agou, 02, JBC 
Heynindc et aL, FEBS, 2003 
Doffinger, 01, Nature gen 
Tegemofi> 09, Mol Cell Biol 
Huang, 02, Mol Cell Biol; 
Makria, 02, Mol Cell Biol 
Makria, 00, Mol Cell 
Rothwaii 98, Nature 
Mercurio, 99, Mol Cell Biol 
Huang, 02. FEBS 

Inohara,00,IBC 
PoyetC0,JBC 
Poyet01,JBC 
Ye, 00, JBC 
Yamaoka, 98,CeD 
Rudolf 00, Genes Dev 
May,00, Science 



20 



Received at: 11:47AM, 9/24/2003 

24. SEP, 2003 16:17 BUREAU DES BREVETS 

Karin, (30, Axinu Rev Immunol 
Revue gtofirale rdcente 



I 



cefved at: 11:47AM, 9/24/2003 

24. SEP. 2003 16: 18 BUREAU DES BREVETS • „ N 9 1U3 pg , 



SELECTIVE INHIBITION OF NF-kB ACTIVATION BY PEPTIDES 
DESIGNED TO DISRUPT NEMO OLIGOMERIZATION 



FflbriCe ABOa **» GSUes Ctt °rt** t» Fnanceise fialeux % Yves-Mari, Coic f 
Traincard fc Alain Israel t and Michel VSron J 



* Inatrtut Pasteur, 25/28 rue du Dr. Roux 75724 Paris cedcx 15 



*: To whom correspondence should be addressed 



Fabrice AGOU 

St dC p2S? ti0n En2 ^1 ue Actives CeDuIai™ 
25 me da Dooteur Roux 
75724, Paris cedex 15, Fiance 

Tel: (33-1) 45 68 83 80 
Fax; (33-1) 45 68 83 99 
"Mfc fegou@pasteur.fr 

Rtmning^: Inhibition of die 



I 

teceived at: 11:47AM, 9/24/2003 

24. SEP. 2003 16:18 BUREAU DES BREVETS • ,, t H2U43 P. 92 

SUMMARY 

NEMO/IKK-y plays a key role in the activation of the NF-kB pathway in response to 
proinflammatory stimuli and the mechanism leading to signal dependent activation of the IkB 
kinases (IKK) involves NEMO criigomerization. Previous studies have demonstrated that 
NEMO trimeiizes through its C-terminal CC2-LZ coiled-coil subdomain. This minimal 
oUgomeifeation domain likely folds 88 a tamer of heterodimerB that is reminiscent of the 
tiifflerio structure of the gp41 ectodomain fiom HIV-1 (Traincard ct al.). On the basis of a 
structural model, we rationally designed cell-permeabfe peptides corresponding to optimal 

i 

portions of CC2 or LZ subdomains that mimio the contact area between NEMO subunits. 
These peptides were delivered to cells to block the NF-tB pathway by disrupting NEMO 
oUgomerization. Peptide transduction was monitored by FACS and their eflect on LPS- 
induced NF-kB activation was quantified using a NF-kB dependent frgabctosidase assay in 
stably transacted pre-B 7QZZ3 lymphocytes. Our results show that the LZ peptide and, to a 
lesser extent the CC2 peptide, inhibit NF-kB activation wift ICso values in the pM range. 
Control peptides including mutated CC2 and LZ peptides as well as heterologous coiled-coil 
peptides had no inhibitory effect on NF-kB activation. Moreover we also demonstrated that 
these NF-kB peptidic inhibitors induced the cell death in the human retinoblastoma cell lines 
> Y79 that exhibit constitutive NF-kB activity. Taken together, our results provide "proof of 

concept 0 for a new and promising strategy to inhibit the NF-kB pathway by targeting 
NEMO*s oUgomerization site. 
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INTRODUCTION 

Nuclear factor- kD (NF-kB) signaling is an essential signal transduction pathway involved in 
inflammatory responses, oncogenesis, viral infection, the regulation of cell proliferation and 
npoptosis and in the case of B and T lymphocytes in antigenic stimulation (Amici, Karin, 
ghoah and karin and israeJ). In mammalian cells, Aero are five NF-kB femily members that 
dimeriae: RelA, RelR, c-Rel, NF-kB2/pl00/pS2 and NF-kBl/pl05/p50. NF-kB whose 
predominant form is a heterodimeric transcription factor composed of p50 and RelA subunits, 
remains sequestered in the cytoplasms through association with members of an inhibitory 
femily of proteins known as IkB. Upon stimulation by the cytokines TNF-a and intsrlsukin<>l, 
endotoxin (LPS), microbial and viral infections; pro-inflammatory signals converge on the 
canonical IkB kinase complex (IKK), a protein complex that is composed of two kinases 
subnaits, IK&a/lKK-l and IKK-MKK-2 and a strocturalAegufatory subunit NEMO/IKK^. 
Once activated DCK complex pbosphoiyiates IkB proteins, triggering tjieir ubiquitmation and 
subsequent degradation by proteasome. Free NF-kB can then move into nucleus to initiate or 
upregukte gene expression. Although EKK-cz and IKK-p exhibit striking structural similarity 
(52%), exquisite genetic studies have shown that they are involved in two pathways for the 
activation of NF-kB (review baWmore). DCK-p is the pro-inflammatory kinase that is 
zesponaibie of activation of classical NF-kB complexes whereas KK-a in association with 
NF-fcD inducing kinase (NIK) play essential roles in the non^anonical NF-kB signaling 
pathway (J. Exp Med, Serrffleben/Karin science). IRK-a plays aim a role in keraliaocyte 
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differentiation but this process is independent of its kinase activity (Karin Nature). The 
presence of the NEMO protein underlies IKK activation since NEMO-defident cells are 
unable to activate NF-kB in response to many stimuli. NEMO is composed of aN-tanninal 
IKK-binding domain including a large coiled-coil (CCl), Ibe C-teiminal domain fimctions as 
the regulatory part of the protein that has often been reported as binding template to Irak many 
upstream signaling molecules or viral proteins (re£ re£ ref). Interestingly, mutations 
responsaMe for IP and EDA-JD pathologies were mainly found in this part of the molecules 
(ref, ret). The C4erminal domain is composed of the minimal oHgomerization domain 
including two sncesaives coikd-coil motife, CC2 (residues 246-286) and LZ (residues 390- 
412) (our re£ and sheidetreit ref), and a zinc finger motif at the extremity of the C-tenninus. 

The biochemical mechanisms triggering the activation of KK in response to pro- 
inflammatory stimuli remain unclear. It has been demonstrated that phosphorylation on two 
serine residues in the activation T-Ioop induces activation of the KK-b. However, the 
mechanism that leads to this phosphorylation event is still unknown. One possible mechanism 
consists of die confbrmatian change of the kinase induced by NEMO oHgomerization (our 
ref). This change of the oligomorio state may induce the T-loop activation by a mechanism of 
trons-autophospliorylation (Zandi et al. Cell 1997; Tang et aL. J. Biol. Chem 2003). 
Consistent with the role of NEMO oUgomexisation in KK activation, mutations in the 
minimal oligoxnexization domain feiled to rescue NF-KB by genetical complementation in 
NEM(Weficient cells activation in responses to many stimuli. Moreover; enforced 
oUgomerization de NEMO lead to flill activation of IKK complex. (re£ ref). Recently, die 
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phosphorylation and tits uttquhinattoa of NEMO in response to TNF-a have been reported, 
(re£ nsf). However, these NEMO modifications have not been demonstrated yet as a crucial 
step to activate KK complex in response to several pro-inflammatory stimuli . 

Munition of NF-kB activation constitutes a privileged target for development of new 
anti-inflammatory and anticancer drugs (re£ ret; ret; ret). Among many protein actors in NF- 
kB signaling pathway, IKK complex represents one of the most promising molecular target 
for discoveries of the new specific NF-kB inhibitor (ret). To minimize the potential toxicity 
£fi5;cts in ***** therapeutical success will greatly depend on the abilities of the NF-*cB 
inhibitors to block activating signals without modifying the basal level of NF-kB activity. 
May et al described a cell-permeable peptidic inhibitor that block specifically the pro- 
inflammatory NF-kB activation by disrupting the constitutive NEMO interaction with IKK 
kinases (ret ref). Modulating protein-protein interactions by the rational design of peptide 
that alter protein's function provides an important tool for both basic research and 
development of new classes of therapeutic drugs (Nat Biotech, 1998; Mochly-Rosen), 
especelly with signaling proteins that exhibit flexible and dynamic binding properties (Nash; 
science avril 2003). Numerous studies of peptide modulators have been described in the 
Iterator* where peptides mediate protein's function by interfering with localisation 
(translocation) (tot), recrutmcnt to receptor (ref), intramolecular interactions (ref) and 
oUgomedzatxon (ret). In the latter, inhibition of HIV-1 gp41 fusion protein with various 
peptides provides a dear proofof concept (review Kim; Cell 93 1998 p 681-684; and EcW 
DM Ann Bev Biochem 70, 777-810 (2001). 
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In this repeat we studied the potential inhibition of NF-kB activation by peptides 
designed to disrupt NEMO oligomeruafioo. Wo nave previously shown that the minimal 
trimerization domain comprises the CC2-LZ coued-coil subdomain and that the isolated CC2 
and LZ domains bum to each other to form a stable crimer of heterodimera. This structural 
model is leminiscent of the ibid of the gp41 eetodomain from HTV-1 (out refi. tiaincaid). It 
consist of a central three-stranded coiled coil (fonned by the CC2 coiled coil motif of NEMO) 
widen is surrounded by the LZ helical motif derived from the (VtsmUnal end of NEMO, 
packed in an antiparaUel manner around the outside of the CC2 coiled-coil. On the basis of 
this model, we rationally designed two cell-penneable peptides corresponding to optimal 
portions of CC2 or LZ subdomains that mimic the contact area between NEMO snbunha. 
Peptide transduction was monitored by FACS and their effect cm US-induced nF-kB 
activation was quantified using a NF-kB dependent fealacnstdase assay in stably transacted 
pre-B 7QZ/3 lymphocytes. We demonstrate mat the LZ peptide and, to a lesser extent the CC2 
peptide, inhibit specifically NF-kB activation with IC*. values in the pM tango. The effete 
were specific because control peptides including mutated CC2 and LZ peptides as well as 
heterologous coiled-coil peptides (GCN4), had no inhibitory effect on NF-kB activation. 
Furthermoie, we also showed mat these NF-kB peptidic inhibitors induced die cell death in 
the human retinoblastoma cell lines Y79 mat exhibit constitutive NF-kB activity. 
Collectively, our findings provide "proof of concept" for a new and promising strategy to 
mMMtthe NF-kB pathway by targeting NEMO'S oligoroerizanon 
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Materials and methods 

Cell culture, stable trantfhctions and cell lines 

The grow conditions of the murine pse-B 70273 were as described in Courtaig et ai. t 
1997 Mol cell. Biol). 70Z3-C3 stable cell lines were prepared by ckctroporation as described 
in Courtois et al. with the plasmid cxl21acZ-kB (a land gift from G.R. Cramree), bearing 
three tandem copies of NF-kB sites in the JJL-2 promoter (Fiering et *1., 1990X The human 
retinoblastoma cell lines Y79 were purchased from die American Type Culture Collection 
(Manassas, VA) and grown in RPMI 1640 medium supplemented with 100 U/ral penicillin, 
100 pg/ml streptomycin, and 10 % fetal calf serum (FCS). 

0.5 x 10 5 70Z/3-C3 cells in 0.5 ml were incubated at 37°C for different times and 
with various concentrations ofpeptides as indicated in the Figure legends. The cell suspension 
was centrifbgated at 1,000 xg at room t empera tu r e and the cell pellet was then washed three 
times with PBS buffer (1 ml), and finally was resuspended with 500 pi of PBS buffer 
or mtainmg 0.1 % sodium asdde. Fluorescence analysis was performed with a FACSCalibur 
(BD Biosciences) and a mmlomm of 15,000 events per sample was selected. All experiments 
were performed in duplicates. 

Peptide synthesis and purification 

Peptides were aynfteased as described in Mousson et al. 2002 (Biochemistry^l 
pi 3611* p!3616X by using continuous-flow FmocABu chemistry (Chan, WC, and White, 
P.D. (2000); Fmoc Solid Phase Peptide Synthesis. A prarical approach) on an Applied 
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Bioaystems (foster City, CA) Pioneer peptide synthesiser. All chemical reagents were 
purchased fiom Applied Biosystems. All peptides were blocked at the N-traninus with an 

; acetyl group and at the C-tenninus with an amide. A single exta-cystein residue was 

incorporated at the N-fcumimis of the peptides for subsequent specific labelling (see Table 1). 
Crude peptides were directly purified by reverse-phase medium-pressure liquid 
chromatography (MPLC) on a Nucleoprep 20 \M CIS 100 A preparative column, using a 
linear gradient of acctonitfile (l%Anin) in 0.08 % aqueous trifiuoroacetic acid (TFA) (pH 2) 
fist 60 min at a 18 ml/tain flow rate. The purity of the peptides was verified on a nucleoli S 
pM C18 300 A analytical column, using a linear gradient of acetonitriie (0.5 %fmm) in 0.03 
% aqueous TFA (pH2) Bar 20 min at a 1 ml/min flow rate. Conjugation of the fluoiophoxc 

| bodipy®FL N-(2 aminoethyl)inaleimide (Molecular Probes) to the sulfliydiyl group was 

under equimolar conditions at pH 6 in 50 mM ammonium acetate buffer for 30 min in the 
dark. The mixture was then loaded on a Nucleopiep 20 uM C18 100 A preparative column to 
purify the BODIFYcunjugated peptide. In cell death experiments, all peptides devoid of 
BODIPY-labcling were subjected to treatment with iodoacetamide to prevent any oxidation of 
cysteine residue. All purified peptides were then quantified by amino acid analysis and finally 
characterised by using positive ton electrospray ionisation mass spectrometry (BS+). Once 
integrity of the peptides and coupling efficiency were verified by mass spectrometry, the 
» extinction coefficients of the peptides were measured at 505 nm or at 280 nm when peptides 

contained aromatic rcRidues (see Table I). Stability of the labeling was monitored periodically 
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by me as uri n g the absorbances of peptides at 2&0 im and at 505 mn and by calculating the . 
absorbance ratio. AU peptides were dissolved in water to stocks of 2 mM 
NF-kB Inhibition assays 

In a first procedure 22 x 10 s 70Z3-C3 cells in 220 pi of RPMI 1640 supplemented 
*rith 10% fetal calf senim(FC5)and50 uMb^ercaptoethanol were placed in a 96-well plate 
and incubated with various concentrations of peptide (0 to 20 uM) at 37°C in 5% CO a 
incubator. After two hours an equal portion (100 ui) of each cell sample transferred in two 
wells containing each 10 s cells. One aliquot of cells was then treated for 5 hours with 
lipopoly s acc harids s from SakmoneUa abortus (Sigma) at 0.5 ug/ml final concentration, and 
the other one left-treated. After 5 hours, cells were centrifnged at 400 x g for S min at mom 
temperature and the cell pellets were washed three times with cold PBS (2S0 pi) by 
centrifbgation. Cells were then lysed in the lysis buffer (25 mM tris^phosphnte buffer at pH 
7.8 containing 8 mM magnesium chloride, 1 mM dftttoerythreitol, 1 % Triton X-100> 15 % 
glycerol and a protease inhibitor mixture (Roche)), and samples were centriftged at 4*C for 
20 mm to clarify the tysate. The Rupemateant was then kept on ice, and 30 pi was then 
assayed to measure the P-galactosldase activity with a plate iuminomeler(BEilhold) using the 
galactan-star as cbemilumiaescect snbstraze (BD Biosciences Qontech. Bronstetn et aL, 
1989). Background of reaction was measured by mixing for 1 hour 30 pi of lysis buffer with 
die reaction buffer (1 96 pi) and die galacton-star substrate (4 pi) provided by BD Biosciences. 
In a second procedure and a more stringent assay, 70Z3-C3 cells (23. x 105 in 220 pi 
medium) were centriguged at 400 x g at room t empera t u re after peptide ratemaliz&tian for 2 
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hours, and ceQ pellets were washed three times with 200 \i of PBS by centrifu ga l ! on . Cells 
were then diluted three tunes with complete medium, end allowed to grow for at least 24 

I hours. The following steps are identical toft© first procedure. 

j Cell death assays 

I The detection of cell death was performed using the MTS assay provided by 

Promega (CeDTher 96® AQ W one solution cell proliferation assay). Briefly, 0.3 x Iff* Y79 
cells in 450 pi were Heated with 50 |d of the wild type Ant-CC2 and Ant-LZ peptides (0. 1 to 
20 pM) or their mutants Ant-CC2 (Mu), Ant-LZ (Mki) or the Ant or left untreated in boxvkw 
fiee RPMI medium at 37°C. After an incubation of 1 or 14 hours, an aliquot of the cell 
suspension (200 pi, 0.12 x 10 6 cells), was then transfered in 96-well plates and mixed with the 
MTS solution (40 pi) containing the MTS compound and the phenazine ethosulfete. Two 
hours after, die quantity of formazan producted by viable cells was measured by the amount 
of 490 mn absorbanee using an automated microplate leader (Bio-TeK Instruments, INC). 
CcQ survival was observed under microscope and was estimated as a percentage of the value 
of untreated controls. The background of the reaction was determined by mixing die MTS 
solution with cell-free RPMI medium- To inscrease the sensrvity of the oefl death assay, we 
used peptides devoid of BODIFY-labeiiBg because the absorption spectra of the fluorophor 
overlaps with that of the foxxnazan product All experiments were repeated twice and each 
experiment condition was repeated in duplicate wells in each experiment 
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Analytical Gel filtration experiments 
The oligomcrio states of peptides were determined by filtration as described ia Traincand et 
al., 2003. lb briet 500 jd samples were loaded on a Superdex 75 HR 10/30 column 
equilibrated in 50 mM Tris-HCl pH 8.0 containing 200 xnM NaCl and 0.1 mM DDM, at a 
Constant flow rate of 0.4 ml/min. The presence of die DDM detergent was added in the 
equilibrium buffer to minimize the adsorption in the column and to increase die peptide 
recovery, The column was calibrated in the same equilibrium buffer with blue dextran 2000 
(void volume), dithioeiythrito! (total volume), bovine serum albumine (67 kDa, Rs = 35. 2 A), 
ovalbumin© (43 kDa, Rs = 27.5 A), chymotrypsiitagen A (25 kDa, Rs = 21.1 A), ribcnuclease 
A (13J kDa, Rs = 16.4 A), cytochrome C (12.4 kDa, Rs = 17.7 A) and aprotinio (6.5 KDa, Rs 
= 13.5 A). 

Fluorescence anisotropy measurements 

Anisotropy measurements were performed with a FIT Quantamaster fluorometer eqoiped with 
polarizers for the excitation and emission beams. This instrument uses a PMT in the L- 
configuration. All experiments were earned out in a 1 cm path-length cuvette at 22°C with 
excitation and emission wavelengths at 495 nm and 520 mn, respectively. The banpasa of 
excitation and emission monochmmatora was set at 2 and 4 mn, respectively. Steady«st8te 
fluorescence anisotropy was expressed as nuTlianisotropy (mA) and was calculated according 
to die equations: (1) A= (Ivv-CHvhV^w^GIvh) ; (2) Q^^fl^ where A is anisotropy, O is a 
correction factor for wavelength-dependent distortion and 1 is die fluorescence intensity 
component ( sub sc r ipt referring to the vextrval and horizontal positioning at the excitation and 
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j emission polarizers, respectively). Experiments wexe at least performed twice and each data is 

die result of 20 records along a 2 min period. AH measurements were earned out in SO tnM 
Trifr«a buffer at pH 8 containing 150 znM KC1. We verified that at the BODIPY-Ant-CC2 
and BODIPY-Ant LZ concentration used (IjjM and 0.1 uM respectively), the filter effect was 
negligeable. The BODIPY-Ant-CC2 peptide was preincubated overnight at 22°C alone or with 
increasing concentrations (1-125 uM) of CC2 prior to anisotropy measurement The BODIFY- 
Ant-LZ peptide (100 nM) was preincubated overnight at 22°C alone or with 10 |iM and 100 
\M concentrations of CC2 (see legend Fig. 7) prior to anisotropy measurement The 
dissociation constant parameter was estimated by globally fitting die anisotropy data to binding 
isotherm equation as described in Agou et al, (J. Biol. Chen) using Kaleidagraph nonlinear 
regression software (Synergy Software, reading PA). The binding stoichiometry, n, was 
estimated from die intersection of lines (dashed lines in Figure 7) drawn through the 
descending and plateau region of the anisotropy data. 
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RESULTS 

Rational design of NEMO derived peptides that block NF-kB activation 

We previously showed that the minimally trimerizatian domain of NEMO comprised 
of the sequence 251 to 33? (Fig. IA). This region likely contains two coiled-coil sequences of 
about 35 residues denoted CC2 (resiidue 253-285) and LZ (301-337) at the N- and Otenninus 
respectively. Although the structure of the minimal oligomcrization d o m a i n has not yet been 
determined, several biochemical studies combined with the fluorescence polarization method 
prompted ub to propose that the CC2/LZ trimer probably forma a six-stranded helical bundle 
composed of closely packed CC2 and LZ coiled-coils in an annpaxallel orientation (our Ret). 
Furthermore P5I-BLAST searches reveal that this domain of NEMO contains a conserved 
motif of 20 residues called "NEMO like Motif (NLM) which is shared with four other 
proteins including ABIN-1 (ret), ABIN-2/NAF (ref), ABIN-3/LMP1 and NRP/oviporine (ref) 
(Fig. IB). Interestingly, most of these proteins including the conserved motif of ABIN-1 (ref), 
the C-teminal domain of NEMO (ref) and ABIN-2 (ref) or ABIN-3/LIND (ret) protein* have 
been shown to inhibit NF-kB activation in a dominant-negative manner when overexpressed 
in cells. 

Since disrupting NEMO oUgomenzatiQn represents a potential therapeutic strategy for 
inhibiting NF-icB activation, we designed NEMO-derived partner peptides that mimic either 
the CC2 or the LZ sequence (Table 1). It is interesting to note thai, unlike the CC2 peptide, 
the LZ peptide also includes the NLM motif at the N-terminal extremity. To mediate all 
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peptide uptake into cells, we conjugated a functional anal gue at the peptide N-terminus 
comprised of the 16-amino add sequence derived from die third helix of the 
An term a pedfo /penetratin protein (Ant). Hub amptfparic helix acts as an internalization vector 
(irf Prochiantz et review). Most of antennapedia fusion peptides were labeled with the 
BODIPY fkuotophoie to analyse the transduction potential of each peptide into the cello. 
Specific labeling was performed by adding a single cyatein residue at the extremity of the N- 
tenninus and sequence integrity was verified by mass spectrometry (see "Materials and 
methods 11 and Table 1). 



Cellular uptake of NEMO derived^eptidss mediated by the antennapedia fusion peptide 

The uptake of BODIPY labeled NEMO peptides into living cells was monitored by 
fluorescence activated cell sorting (FACS) which is a conventional tool used to quantify 
cellular intemalizatioiL Figure 2A shows FACS analyses of cells treated with Ant-CC2 (WI}, 
Ant-CC2 (MuX AntrLZ <WT) or Ant-LZ (Khi) BODIPY-peptides for 2 hat 37°C, and were 
compared with those of the autofluorescence of untreated cells and control cells Heated with 
an equal concentration of fee BODIPY or with BODIFY-conjugated BSA Consistent with 
the role of antennapedia peptide to transduce peptides and proteins into mammalian cells. 
100% of 70Z3-C3 cell line were similarly transduced by the tour different NEMO peptides, 
suggesting that all of the cells in the treated population have a near identical intracellular 
concentration of NEMO-dertved BODIPY-peptides. C ompar at i ve analysis indicate thai 
untreated cells and treated cells with BODIFY-BSA or fee BODIPY exhibit a similar cell 
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(fccrascence, verifying that onr extensive washing protocol before FACS analysis 
optimal to minimize nay contribution of sur&ce-bound peptide in measuring NEMO peptide 
internalization (see "Materials and methods-). Urns, these data suggest that the observed 
cellular fluorescence signaling m08t ly reflect* the intracellular concentration of transduced 
NEMO peptide and not a non specific adsorption onto the membrane surface . 

We next investigated the kinetic and concentration dependency of cellular uptake for 
the Ant-CC2 BODIPY peptide keeping in mind that the transdnntion of other NEMO peptides 
should occur in a similar fashion (Fig. 2B and 2Q. FACS analysis 5 h after addition of 70Z3- 
C3 cell treated with 02, 2 or 20 uM BODIPY-Ant-CC2 peptide at 37»C demonstrate the 
««*ar dependancy of the intraceDular concentration as a function of the incubated 
concemration of the amennnpedia fusion peptide as widely reported fa litteratura (ref). 
Notably, the cells treated with the Arrt-CC2 at 20 uM and ai 37°C already reach maximum 
intracellular conceraraticn in 30 min and remain imchanged for np to 5 h. Since the time to 
induce a strong NF-kB activation in response to LPS requires 3-5 hours of cell treatment, 
these results indicate Oat the intracellular concentration of each peptide remains constant 
flwing the UPS stimulation. 



Specific) 

To analyze the inhibition potential of LPS^ndnced NF-kB activation by cell 
penncable BOMPY-Am-OC2 and BODIPY-Am-LZ peptides, we stably transfix** the 
murine pre-B 7023 cell lute with P 12XlacZ*B. which bears the p^alactosidaso reporter gene 
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odder the control of the NF-kB transcription factor. When the resulting cell line 70Z3-C3 was 
treated for 5 hours with LPS (3 us/ml) a 100 fold-activation of the LacZ gene was observe*, 
indicating that our cellular assay monitors NF-kB activation in response to LPS with extreme 
sensitivity (Fignre 3A, control "no peptide), Interestingly the incubation of cells with 20 }iM 
Of both NEMCWcrived peptides decreased significantly the NF-kB activation. Hue lowering 
was stronger in die presence of BODEPY-Ant-LZ as compared to BODIPY-Ant-CC2. The 
inhibition effect was essentially due to the NEMO sequence because the presence of the 
isolated antennapedia peptide containing or not containing a Nterminal BODIFY label 
(BODIPY-Ant or Ant) induces the same level of NF-kB activation as the control (Fig. 3A). 
Note that the basal NF-kB activity measured in die absence of LPS was very similar in all 
samples indicating that both CC2 and LZ peptides abolish the responsiveness to LPS without 
effecting the intrinsic basal NF-kB activity. This was essential to minimize the in vivo 
cytotoxity, resulting mainly from apoptoaia induced by inhibition of NF-kB (ref). 

To determine whether the BODIFY-Ant-LZ or the BODIPY-Ant-CC2 peptide is the 
most efficient inhibitor* we next measured the concentration dependent inhibition of eash 
peptide. As shown in Figure 3B, both NEMO peptides exhibit NF-kB doss dependant 
inhibi t ion of NF-kB in response to LPS. BODIPY-AnvLZ inhibited NF-kB to a greater 
extend that BODIPY-Ant-CC2 did with IC*, values of 3 pM and 22 pM respectively (Fig. 
3Q. This striking difference could be explained by the NLM motif included in die LZ 
sequence. Consistent with the intracellular nature of the NEMO target, both LZ and CC2 
peptides not fused to the antamaped ia protein transduction domain (PTD) exhibited the same 
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level of action as the control (F% 3 D X continuing that ^ ^ ^ ^ 
««» «*U mcmbraae fo, inhibidon of NF-kB. Taken together these „^ i^ ^ 
peptides that mimic the two coiled™! sequent of the NEMO oligcn*n*mtin domain am 
potent peptide inhibitors of NF-kB activation in response to LPS. 

MHmanS ^ ^ ™°f**IZan*CC2 cotton dlsrupt ^ ^ 



Theoretically, If BODIPY.Ant.LZ or BOMPY-Aot-CCl peptide inhibit NF-kB 
activation through specific binding to the NEMO oligon.eri^on domain. mutations that 
dlsn.pt the coiled-coil associate ^ ^ ^ ^ ^ ^ 

inhibition, a^olical ooiled^il interactions have been extensively stadia and mo* of the 
<ulea Bovenuns their spam*, assembly have been well demented (mf, ^ ref). He coifed- 
coll inters which is represanted by the fim (a) and fourth position (d) of the heptad repeat 
is generally occupied by byda.phobie amino acids. Proline or clycine are l^fy to 
preserve the helical areMfcctum. Core polar residues are deaabiluina .lative to leucine 
euhstitmxona, especially when changes occur ^ d pos:***. C^sidering these rules, we 
*nmen~davaT^ 

(BODIPY-Ant-LZ (Mu) and a variant of BODn"Y-Ant-CC2 containing two mutations L -» G 
and one mutation I -> G at the a positions (BODIPY-.Ant-CC2 (Mu) (Fig. 4A and 4B, and 
Table 1). To test the eireca of th^ mutxians on the potential i^fcon of NF-kB activation, 
we developped a more stringent cellar assay th^ consists of the internalization of the 
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peptides &r 2 horns fbUowcd bv an t ^ r _ - 

"owed by an extent wa^binn of 7023^ cdla to remove any 

renminin S to fee extracellular madia. Cells »» «.. . 

«^ Cdls weie allowed to gn>w fcr at least 24 how 
befiaa LPWndueed NF-kB activation, fa this wav ^ J ^u_ 

Mtefiaance with the receptor 

LPS was exefcd^. As with the ceUular ^ _ , 

assay desoobed above, the BODIPY-Ant- 

CC2 (WI) end the BODIDY-Ant-LZ (WT) also inhibited NF-tcB activation, with a 1.7 and 
5.8 ~&ld tsiiuction tospectlvelY (Fig. 4a and 4B) whon used at a 10 pM coaccn&aticti. This 
mdlcsiBS Ihst tho peptides da not competivoly act on flu tucoptor binding of US As 
■Wdap^eerda^^^^^^^^^ 

sotrvntion since P-galaecosldase activity was equnralaat to (hat of the control (J^. sa ( qq 
■ PePfld.,,^^^^^^^^^^ 

BOWPY-Ant LZ mutant flian in flic peeaance trf wild type. Howevac, uobha tha BOD1VY- 
(SH a alight inhibition of the LZ mutant was observed whan competed to the 

"u"au nv a specific celled caff interaction cfthe 12 

Peptide. 



*** 1,10 MUL-nCQIL (ref) predicted that greater 

**» 5 % of all patalive OW% found in sem™,, , 

«»M m sequenced genomss ^ vt&hctRi to 

coil monfe (ref) amj tfaat approximately 2-4 % «r ■ 

y a™ 1 " acids in proteins are estimated to 

ed ° Pt folds (ref). Tab alrorrdance raises the m,^ 

raises the question if the NEMO derived. LZ 
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peptide maintains its cmTed-coil interaction paimering specificity in vfvo. To adresg this 
question, wo Bynthetiaed another coiled-coil peptide thai mimics the sequence of the 0CN4 
leucine zipper and tested hs ability to inhibit NF-kB activation. BODEPY-Ant-GCN 4 
contained the aiitennapedia sequence at its N-tenninus and a short SKGMQ linker identical to 
the CC2 sequence fer convenience of peptide delivery (Table 1). ft was also labeled at itaN- 
teminus with BODIPY to monitor its cellular uptake by FACS (data not shown). The GCN4 
peptide displays a low sequence similarity with the LZ sequence of NEMO (22 %) but 
identical residues are mostly represented by leucines at d positions (Figure 5). These teaiduea 
contribute most of the energy to coiled-coil oligomerization stability (ref). Note that a 
positions which are important for coiled-coil specificity (ref) am composed of a set of 
different amino acids. While GCN4 is composed of hydrophobic residues and the typical 
aaparagine residue, the LZ of NEMO contains two charged amino acids R and JC (Figure 4B 
and Fig, 5A). Thus, these residues which axe located at the coiled coil interface likely 
contributes to the selectivity of coiled ceil interaction. 

Figure SB shows the effect of die BODIFY-Ant-GCN4 at a 10 uM concentration on 
the inhibition of NF-kB activation in response to LPS. To compare the effects of coiled coil 
sequences, we used the stringent cellular assay described above . BODIPY- Ant-GCN4» unlike 
BODIFY-Ant-LZ, has no ability to inhibit NF-kB activation since die level of NF-kB 
activation was near that of the control without peptide. Taken together, these results strongly 
support die hypothesis mat the IZ peptide of NEMO inhibits NF-kB activation through 
selective cofled-coil interactions. 
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wtPKnce X their N^noinoe by gel nitration. As shown in Pignre 6, aQ peptides cemtaiain, 
80 N-temJflal fusion af antenna|iadiacoehnB with ao elution vohjins eonespondiog to their 
"toowoorie forms, to oonpmad to globular protein mariceig. Note tfut wo had to add a 

totoo 10 |tM ooncentiation, CC2 wild type and LZ wad type without the antemtapadia N- 

^Ported flrerneard et al). As expected, whoa a CC2 nrntant wee chemically obtained with 

^^^("^.Ho^wo..,,^,,,^ 

.I0nM«™^ ( ^^ ) ^ toM ^ TOi ^^^ 

^-^totha^type^^,^^ 

^"^^"-^ea^tob^CCeae^^.^^^ 
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co»I<*coa interactions, fecilitatinfi the 

«xvu«anng me noaomenation of the NEMO 



, *^««-*».i«M B ^ fil-l-<pl-WI11 



*8*t Ibr both cell BODBV-a^ « BODITV-Am-LZ NF-kB 

— «~ . ^ ^ „ fc ^ rf ^ 

"—^^^^^^^^ ^ 
st^e of the blading curve ia nol sigmofdaj, inificstiqg that CC2 B * 

^^^^•^eaeth..^.^ ^ 

— — a „ fc _ ^ ^ vata 
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Collectively, these dala demonstaiB that both Ant-CC2 and Arrt-LZ monomer* binds in vitro 
to the CCZ peptide composing the minimal oligomeriaation domain of NEMO. 

Cell death in human Retinoblastoma cell is induced by NF-kB inhibitors AnhCC3 and Ant* 
LZ but not by their mutants Ant-CC2 (Mu) and Afit-LZ (Mu) 

ft has become clear that constitutive iy activated NF-xB transcription factors have been 
associated with several aspects of tamorigenesis (Karin review), wcluding most of six 
essential alterations in cell physiology that dictate the conversion of normal human cells into 
cancer cells (Hanahan and Weinberg; cell 2000 for review). This led to 4 significant 
enthusiasm for the use of NF-kB inhibitors as a new anticancer therapy. Promising results 
have been reported recently using proteasome inhibitors or the SN50 peptide that blocks the 
nuclear translocation (ref baidwin). However, the specificity of these agents on NF-xB 
inhibition have been questioned. Poulaki et al. showed recently that the treatment of the 
human retinoblastoma (Kb) cell lines Y79 with SN50 peptide induced apoptosia of cancer 
cells (ref). Sequence alignement of murine and human NEMO proteins indicate that the 
minimal oligomexkation domain of NEMO is strictly conserved, suggesting that similar 
effects of NF-kB inhibition could be observed in rodent as well as in human cells. 
Given that specific NF-kB inhibition may trigger apoptosia of cancer ceils, we examined the 
effects of both cell-permeable Ast-LZ and Ant-CC2 peptides on Iranian retinoblastoma cell 
viability. In these experiments, we used NEMO-deri ved peptides without a N<erminal 
BOMPV labeling to prevent any interference with the MTS assay (see "Materials end 
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Methods*). As shown in Figure 7, we found a doss dependance ffte Y79 cell viability when 
cells were treated for 3 boms with Ant-CC2 (Fig, $A) or Ant-LZ (Fig 8B). The effect of the 
Ant-LZ peptide on cell death was stronger than thai of the Ant-CC2, This induction of cell 
death was significant since Rb cell survival was 20% and 65 % with the Ant-LZ and the Ant- 
CC2 peptides respectively when cancel cells were treated for 3 hows at a 20 
concentration. Remaiquabfy, die same cell treatment with the Ant-CC2 (Ma) (Fig.SA) or with 
the Ant-CC2 (Mu) (Fig.8B) did sot induce concentration cell death as did WT peptides. These 
effects on cell death were essentially dn to the NEMO sequence because a longer txegtement 
of Y79 cell lines with the antennapedia peptide did not affect ceil survival (Rg, SQ. In 
contest, 8 0 % and 55% of Y7 9 cell died in the presence of Ant-LZ and Ant-CC2 respectively 
at 5 jiM concentration (Fig. 8Q. Taken together these results indicate that specific NPmcB 
inhibition by Ant-CC2 and Ant-LZ peptides induce cell death in Rb cell lines, validating the 
the use of specific OT-kB inhibitors as anticancer chemotherapy. 



DISCUSSION 



1) 12 peptide stranger effect than CC2 peptide. [Discuss with die model and the time 
equilibrium retired for exhange and the NNN motif.] 

2) Peptide ate coiled-coil [Peptides and colled-coil.^.AfutationB and NOB indicate that its 
alpha helical cofled-ooiQ 
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3) What 19 the action mode of both peptides [How act the peptides inhibitors. CC2 by 
competitive exchange and UZ by blocking an open conformation (similarly to gp4l)7?J. 

4) Monomerizatjon may be crucial because oligomerizatian should be the limiting step. 
[Other internalization peptide could not do that] 

5) Coiled-coil specificity (discuss moid in the context of recent publications with bzip, What 
does it give the specificity. The NNN motif did not give any effect discuss) 

In the absence of die pro-inflammatory signals, all peptides assayed have no detectable 
cytoxicity for lymphocytes B tested at a concentration up to 30 uM according to the MTS 
assay, the direct observation under microscope, and the forward scatter»FSC and side scatter- 
SSC parameters deduced from FACS analyses. However, we could detect a slight cell death 
by FACS in a concentrenon-dependent manner when the pre-B lymphocytes were stimulated 
by US in the presence of NEMO-deiived peptides. The cellular proportion of cell death was 
9 % in the absence of stimuli at a 20 pM concentra tion of Ant-CC2 whereas it increased at 13 
% after LPS stimulation (data not shown). Ibis was in agreement with the role of the NF-kB 
pathway in p r o t e ct in g cells from apoptosis. The cell death was more pronounced and fast on 
the Rb cell lines Y79 in which constitutive NF-kB activity has been reported (Poulaki et al., 
2002). We did not demonstrate here by the Annexin V labeling and the TUNEL method that 
the NEMO peptides-induccd cell death Is indeed apoptosis. Nevertheless considering die role 
of the NF-kB pstway in the regulation of apoptosis, it is likely that the cell death induced by 
NHMOderivcd peptides is apoptotic in nature. 
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Our results that provide molecular bases for devaloppement of new enti -inflammatory 
and anti-cancer drags raises several questions. First, If the long LZ peptide shows this 
selective inhibition on the NF-kB path w ay, could a smaller molecule with more desirable 
p h a rm acologic characteristics (oral bioavailability and centra nervous system penetration) be 
designed with similar inhibition activity ? Second, would it be possible to design LZ-derivcd 
peptides to improve inhibition activity with a ICa value in the nM range ? Third are die 
kinases (IKK-a and IKK-p) (re£ ret), and to a lesser extant the NEMO/kiriase interaction (ref, 
isf) mote attractive targets to block fes W-kB ptohway with smalt molecute Kgan<te ? Thar© 
are a few exemples in fee literature of identification of small molecules that inhibit 
protein/protein interactions including oligOTcn'ggrfion (ref Nature cell biology BH3 and Bel- 
XL and review of Frank McCoimick), Thus it is conceivable to get small molecules that block 
NF-kB activation by interfering wife NEMO'S oligomeriaation with the same specificity as 
fee peptides. From another point of view coilcd-coils are one of test-studied protein-protein 
iffierfece (te$ ief>- It ia then reasonable to expect that firtuxe work wifl lead to fee discovery of 
peptides of peptidomimetic componnds wife an improved inhibition potential. Whatever fee 
nabire of fee fixture NF-kB inhibitors (organic or peptzdomimeric compounds), targeting 
NEMO'S oligomenzation will remain a more attentive and promising strategy as compared to 
those of IKK kinase activity and of NEMO-kinase association because this molecular event 
strictly depend on fee pro-inflammatory signal. Therefore^, such drugs would interfer less wife 
fee basal NF-kB activity in normal cells thai is required for ceH viability. 
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Footnotes: Abbreviations used: Ant, Antennapedia; .FID, protein transduction domain; 
DDM, dodecyl maltoside; one, critical micelle concentration; Rs, Stokes radius; PBS, 
phoBphate buffer saline 
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Rgnrel .-Functional domain, of the NEMOprotefa, 

N-tennmal IKK binding domain md fl , ^^-^ . . ^ *° 

. a 9 ^gmmian daman,, the proline rich motif (PPP) 

and the zmc finger motif (ZF1 at the n« • ^ 

<ZF) at the C^mnn,,. ^ 

"Uaomerizatioa (Rrf, noua), is indicated with the NI.M ^ 

«em with CLUSTAL W iw« , ° * 

USTAL W (mf). Mermcal and sinrfar amino add residues (.haded) are 
Seated by (I) or (* X respectively ^ 

2 pM BOMPY-tagged Ant-CC2 wild type fWT> or Arrt ^o, 

type fWTl ett An* t t (WT>, or AntKX2 mutant (Mu). or Ant-LZ wild 

^"^--(^pepti^^ 
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BODtPY-conjtigstBd BSA (BODZPY-BSA) or ^ ^ B) 



*W 3: Inhibition of LPS-indoced NF-kB u „ 

vera «r KB activation by ceB-permeaMe Aot-CC2 and 

Ant-LZ peptide 
(A) 7023 lymphocyte B wore l_ 

which be are the p- 



the control of ^ NF-kB (see "Materials and methods") The 
or BOC^ M pep,. ^ to CC2 „ „ 

NF-xB active by BODIPY-An^ deft panel) or BODIPV-Aat-LZ 
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' m *" Jnhibltfoa «*NF*B activation. Control («, peptide) « ^ 
or LZ peptides,^ (BODIPY-ANT-CC2, BODIPY-ANT-LZ) or without *o amenta 
"quence at the N^nious (CC2, LZ) WIB &r 2 hoara ^ ^ 

Allowed with ( +) or wi*o„ (-) *, LPS^*, 3 ^^^^^ 
measuredby H^actoaidaseass^y. 

Kgoro 4: Specific mhibhio, of NF-kB .c-va«on lo r^poa* to LPS depend, on a few 
natations in the hydrophobic core or CO and LZ coiled-coih 
Uftp^showahelicaiwhooldi^ 

the top tte molecule . ^ (a) ^ ^ ^ w ^ ^ rf ^ ^ 

sequence (ref) represent sequential positions in ^ — 

^ jwwuons in each peptidtc sequence. The first (a) end 

fcydrephohio core for paiaUel as well as acttpareUel coiled ceils. Mutations Alt wen 
i» <•) po^oo. of aho CC 2 vori«a (BODiPy-A^a <hh,» o, re <d> pori.™ of 
the LZ variant (BODn*y-Ant.(Mo) are shown. In the right panels, 70Z3-C3 cells were 

<B0DI ™-*-" « M (BODIPV-Ant^Mu)) LZ pepades <B) The 

internalized and tie cells were then diluted three tirnoe „n_„ , 

^ uiiuiea mree tanas and allowed to grow for for 24 houre 

brS houn with (+) or without LPS f-1 NF*R 

^aaui ^ W j<-icB activity was measured using 
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the JJ-galactosidase assay. Error bars represente the standart deviation of two independant 
experiments. 

Figure 5: Inhibition of NF-kB activation by the LZ peptide occurs through the 
formation of specific coiled-coil strands. 

(A) Sequence alignement of the NEMO-derived LZ and the GCN4 peptides. Both coiled-coil 
motifs were aligned using clustalX. Identical and similar amino acid residues (shaded) are 
indicated by (!) or (*), respectively. (B) Overview and helical wheel diagram of the GCN4 
coiled-coil (top view). The ammo-acid sequence of GCN4 is shown with its corresponding [a 
- g] positions and residues that differ from the corresponding NEMO-derived LZ sequence 
are boxed according to their degree of conservation. Identical (open square) and similar 
residues (open triangle) are indicated. (Q Comparison of the cell permeable NEMO-derived 
LZ and GCN4 peptide on the inhibition of LPS-induced NF-kB activation. 70Z3-C3 cells 
were incubated for 2 hours in the absence (no peptide) or in the presence of 10 \iM of the 
antennapedia fusion LZ (BODIPY-Ant-LZ) or GCN4 (BODIPY-Ant-GCN4) peptide. Cells 
were then extensively washed to remove any peptide excess which was not internalized, and 
diluted three times to facilitate 24 hours of growth before treatment for 5 hours with (+) or 
without LPS (-). NF-kB activity was measured using the b-galactosidase assay. Error bars 
represent the standard deviation of two independant experiments. 

Figure 6: Oligomerization properties of NEMO-derived peptides with or without the 
antennapedia sequence 
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AU peptides were loaded at a 10 pM concentration on a superdex 75 HR10/3O column 
equilibrated in a buffer containing 0.1 mM DDM to improve recovery (see "Materials and 
methods' 7 ). Ouomatographic prolilcs of the CC2 mutant (dashed Hoe) and the CC2 wild typo 
(solid line) fused (BODIPY-Ant-CC2 (WT), BODlFY-Ant-CC2 (Mu), or not fused to (he 
ttttezmapedia sequence (CC2 (WT), OC2 (Ma)) are shown in left panels, and elation profiles 
of the LZ mutant (dashed line) and the wild type (solid line) fused (BODIPY-Ant-LZ (WT), 
BODIPY-Ant-LZ (Mu), or not fused to the amennapedia sequence (LZ (WT), LZ (Mu)) are 
represented in right panels. Bhstion volumes of globular protein matters an indicat&d by 
arrows : Oval, ovalbumin (43 kDa), Chym, chymotrypsinogene A (25 kDa); Ribo, 
Ribonuclease (13.4 kDa) and Apro, aprotmin (6.5 kDa). 
Figure 7: ; Association of AntrCC2 and Ant-LZ peptides to the CC2 peptide 
(A) Direct titration of BODIPY-Ant-CC2 (1 pM) with CC2 by fluorescence anitcopy. The 
concentration of CC2 was d^tennined by amino arid analysis. Anisotippy values of BODIPY- 
Ant-CC2 in miUinnits (mA) were plotted against an increasing conc enUu l i on of the CC2 
peptide. Data points were fitted (solid line) id the binding isotherm equation with a Kq of 1S.2 
pM (Materials and Methods), The two dashed lines represent a stoichiometric t itr at i o n and 
intersect at an CC2 concentration of 16 pM. Given the 1 concentration of the BODIFY- 
Ant-CC2, this gives a complex sroechiametrie of 0.8. (B) Direct titration of BODIPY-Ant-LZ 
(0.1 fiM) with CC2 by fluorescence anitropy. Hie anisotropy values of the BODIPY-Ant-LZ 
alone (white bar) or in the presence of the CC2 peptide (30pM, grey bar, 100 pM, black bar) 
are given in rniniunits (mA). 
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Figure 8: Cell death Induced in the retinoblastoma cell line Y79 by A&MX2 and Ant- 
LZ peptides 

Rb ceH line Y79 we treated whh various concentration of the Ant-CC2 (WT) (filled 
squares) or Ant*CC2 (Mu) (open squares) (A), or Ant-LZ (WT) (filled tildes), or Ant-LZ 
(Mis) (open circles) (B), or Ant peptide (open triangle) (C) for 3 horns (A, B) or 16 hours (C) . 
Cell survival was then evaluated using the MTS assay as described in "Materials and 
methods" 
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Table 1 



Sequence of MEMO derived peptides 



Name 


Sequence (a) 


Theoritical 
mass 


Experimental 
mass 


BODBY-Ant 




2805.19 


2805.06*0.52 


BODIFY-Ant- 
CC2(WT) 




7433.51 


7433.33 *0.46 




CC2(WT) 


a KgWgjUg D t*R^^X*qgAKHj^ VRKQBIjTDkIi KggABQ 


415SJ5 


4155.86 * 0.53 


HKIV 


BODffY-ANT- 
CC2(Mu) 


Ott&lcQBXgDKLKBSASQHKXV 


7265.18 


7265.04 *0.35 


CC2(Mu) 




3987.43 


3987.11 ±0.55 


BODUY-ANT- 
LZfWT) 


cgQigxffyqHHgiccBnfflaticRQADtxSB^SSS^^S 


8064.2 


8063.9 *0.48 


LZ(WT) 


LKA^U)XYKAD^A5RHARHKLVEKXBYl*0K0LS0I* 
ORBPWKE 


5318.08 


5318.21 ±0.5 


BQDIPY-ANT- 
LZ(Mu) 


CBQZXXIfVQSBSiasSBSLKftjQADZYKADFQAHfiBAR 
BKLVSKKEYSQSQLKQSQSBFMKL 


8012.04 


8011.98 ±0.26 


LZ(Mu) 


ORSFKKL 


5265.92 


5268.82*0.18 


BODIPY-ANT- 
GCN4 




7315.48 


7314.76±0.40 


KNYHLBNEVRRI2KKI.VGER 



(a) In all peptides the N-ternrinus contains a cystsin residue for convenience of specific 
peptide coupling with die maletaude group as described in "Materials and Methods". The 
sequence of antermapedia feed to die MEMO sequence (plain text) is highlighted in bold 
caracters. Residues which may be involved in coiled-coil sequence are underlined and those 
which were replaced in the CC2 and LZ mutants ate underlined in bold ca r ac t er s. 
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(A) IKK bindtog domain Cytolanc/LPS regulation domain 
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The genetic IP defects! molecular analysis of NEMO gene and NF-kB related genes 

Tizlana Bardaro, Qeppino Falco, Angela Sjparago, Vincenao Mercadantc, Matllde Valeria Ursiat, MkfoJkfilElBn 
Dttmiational Institute of Generics and Biophysics. CNR, Via Marconi, 12 -8012$- Naples Uofy 

In collaboration with International IP Consortium (IPIF) wo recently demonstrated that 78% of Incontinentia Pigmenfi (IP; 
MIM 308310) patients show an identical deletion wilhin the NEMO/KKg (NF-kB Essential MOdulator/KKgainma) gene 
that eliminated exons 4 to 10 and consequently abolished protein function, required for the activation of tho transcription 
factor NF-kB. This recurrent rearrangement occurs between two Identical 878-bp MER67B repeats: die first copy is located in 
nitron 3 and the second is approximately 4Kb telomerio to the gene. To determine the spectrum ofmnlatioos in IP fo^m**, w 
sequenced the complete NEMO loons (AJ271718). The 23 kb gene 2a composed of 10 axons with three alternative con-coding 
first exons (la, lb, 1c). The NEMO gene partially overlaps the G6PD gene and ia tranaorfbed in the oppoa fte direction. 
Screening of BPGU 1 BAC library with the NEMO cDMA we revealed that an Incomplete copy of NEMO was present in the 
genome. dehaNHMO (ALS96249) maps 75kb distal to NEMO and (auks oxons 1 end 2. Mapping and sequence Information 
bringing the total length of the duplication to 35.5Kb and indicated that the duplicated regions ate in opposite orientation and 
only 22 single nucleotide differences are present, nuking the duplications >99% Identical. The high frequency of the 
rearrangement affecting NEMO locus allows for the molecular diagnosis of IP fn the vast majority of cases by a simple PCR 
assay in the pre and post-natal studies. The complete loss ofNP«kB activation la lethal for UP males during embryogenesis 
while IP females can survive, owing to mosaicism as a result of X-inaofivarlojL However, males showing an IP female-like 
phennrype ate rarely identified and they c an bo explained by a chromosomal abnormaUry (47. XXY), a genomic X* 
chromosomal mosaicism resulting from an early post-zy gptic mutation or a gametic harf-chiumarid mutation. Hy pomorphio 
mutado as affecting MEMO gene impair bm do cot abolish NF-kB signaling and lead also to surviving males showing features 
of ostopstrosfe, iymphoedejna.EDA, and immunodeficiency (OI^ED-ZD). Id our study we performed the molecular genetic 
studies fa 99 IP collected patients: 87 are females and 12 are male, There were 76 Italian, 20 Spanish, 1 Polish, I Turkish and 
I Indian patients. Analysing genomic DNA from the proband wo revealed that (he D4-1Q deletion accounts for 56 eases 
including one 47JOCY and time males patients with X-chromosomal mosaicism. Although cne of the three male shows a late 
postpone mutation he has severe neurological involvement asociated with ocular abnormalities. Interestingly, a preliminary 
biochemical study revealed an impaired cellular response of proinflammatory cytokine in response to LPS cytokines related to 
immune modulation and apoptosia. Mutational analysis by DHPLC revealed 5 new small mutation* and do not exhibit 
rnutatiens in NEMO gene in 22 females and 2 male patients, although a typical IP phenotypa has been ascertained on clinical 
presentation. The remaining 14, 6 of them are male with no family history of TP and with normal karyotype* show OL-ED-1D 
clinical features. Since multiple pathways impinge on the NF-kB transcription system, it is conceivable that combinations of 
mutations in the upstream and downstream genes ceroid cause a phennrype similar to that produced by specific defects in 
NEMO. Fox tins purpose* we are identifying and characterizing regulatory regions of the NEMO promoters and search for 
mutations in IP and OLJBD-ID patients, which still lack a molecular diagnosis. In the meantime, we are searching tor other 
genes through the comparison of gene expression profiles in IP, ED-ID and BDA mice in order to determine the relative 
regulstory targets and pathological mechanisms. Those genes wiH be considered and processed as candidate tor both IP and 
other EDs with Immunodeficiency. These observations indicate that male individuals can suffer from IP and they have 
implications for clinical care, genetic counseling and prenatal diagnosis, 
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NEMO Trimerizes through Its Coiled-coil C-termin al Domain* 

Pabhahrf. JBO Papon in Press, fiS^^S^TOUaS^SSn^ 200 

MUst&nbgy, Totyo ifelW end Dental Unbend* School ofUedinb*. Yuihim* l^SE^^S. Jbt^^oT * 

fector consists orRelA (p65) and p50 snbunita (6, 6). la moat 
non^nduced ceil types it is Beauestercd in the cytoplasm in an 



ert&ea of NEM O and to understand tettorftj^mSfij. 

BiBofax^ivstianof ttielKKconida^xropiirified wlU 
^aadonjtantNRM^ 

ggateBMP rfttegK partnera, pac^hirmnt NEMO 
trNEMO) ie a metaatablo ftinciional manmiMir correctly 
Urn* to Its flrjornscenee and &T-UV CD 
i is liinilfng apeMdfiealfr to the IRK com* 
— fraction of rNRMO was found tfahfly aa- 
f*«£edwMi DnaK (K HepTW. We ataoembed 
the Interaction of NEMO with praharyntie and eukzry. 
P** Hgff* atid chewed feat fho gepTONEMQ aro. 
plex &nw a Bupramoleculaj* structure probably enrrxs 
1 *° m aaafflnhl p fintonnedlaie. In eiaa crora- 
- -- -JHcate Out native NEMO in 

1 with IKK is in ennitibrcuni hetwM i a dfc. 

tncrio anil a trimerfic fens. Smflariy to native NEMO, a 
NEMO mutant deleted from tta IRK htadLna; N-tenmtnal 
rfomain enstdnaa teas a stable Mnerio 

ceUcd-cuU, suggesting that the aaaoefajgrm of NEMO 
wlAgRcfWith HspTO p g eoanta incorre c t iateadoanaln 



•mma-ubmvci mwnmmfl hubs of fNEMQ. We 

rnodd in which the aettwattoaofthelKK 
thmngh the fatmarfgattan of NEMO 
not yet Identified 



tea 



tion feetorNF.*B is onsof the xno^ intenaefy ettufied icgulap 
tare of gene espreaafam. playing a meml mU fa <n^ Q n T .. 1u i„ r y 
"»I>g^ cenp ioha?raa^ 
sorfl^ lactam ae^^ 

an n u ill i nohirfin g the pmflammatoy cytokine tamo- Decreets 
&etorf^PX t ipfa3ieahui la bacterial llpopotysancharide, and 

• This »ra*r w*4 »«ppcrtod in part I©' gram* fhwa tho LWd Nrttan- 
sla loortpe Ie Cancer «o^feelahem*e Ceo A. U oca tha Association pas* 

SSSCl t p SL? ^^ewacot of pago chvgea, This artiste mica 
ttereare to huebjr a&rfctd •ddbOTtfcejuettr* to fiCcarfsnse with IS 
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cffnhibifcmy pwtetna kaewn aa IA After cell gtanmlaflnn, LtB 
prot^arerapedlypto^^ 

ORK) and are then degraded by the 28 S prateaaaaia upon 
poIyuHquttixmtiGQ (7). Thin dr^mdatioii fOlows NF-^ tom^ 
to the nucleus to switch oa its tax^jt genea. 

naeecampeaeata were identified aa eonstatnentn of fee IKK 
eomplax (-700 kDafc IKRav IKK& and HF-«B esseBtTal nad- 
olatar (NEMO, aha eafled IRS^l DOCa and IKK^ tharing 52ft 
ioentitsr possess a similar aigaalaaaon fa fanetiaaaJ tomin a 
inalmiing a tdaase, a leadna rippot . aad a hsliz-loop-helix 
dnmain (S-U). Atthnagh in cells TKK» evA JKKfi are active 
hcth as hamo- ar aa heterodiniEZB promoted by their leucine 
gjpper manfe, the heterodimer is the preoWnant form (13X 
Ihs leeant generation of IKRo- and IRgfr defi a len t mioe 
showed di fleran t pheno^pes aa signing different functional 
rotes to eath catalytic snhunit Thua, whereas IKK^ io roqoired 
&r the activation of NF-«B, IRRaj bat not IKKft seems rather 
involved in hcrannocyte du^rentiatiaa (131 

MEMO, the third com p onent of fhQ IKK complex, was mt^. 
nsSfy iaanttfiad hy fixuutfamal oonm!enientaUoo<rfceUa that did 
not respond to a variety of stimuli (14). It asaoeiatco preferen- 
tially with IKKA and its preoence la crucial fiir t2w atininU-de- 
panaeat acttvaaaa of the IKK eompiea, NELMO, which has na 
known catalytic activity, eontama at least four structural ma * 
ti& as deduced from the primary structure analyHia* The 
N-t prmfnol donaJn cantaiaa a large coiledcoO d omain (CC1, 
zesidues 93-331) carrying moat of the essential peptiam deter* 
Bunants required fl» biudimt to DOC0 (lflX The 04erminal 
domain is on mp o sa d af three enh-amnaina ieehtdtng a oaafeoV 
coil (CC2, rcaiuuE3 246-2B6}, leucine sdpper (LZ, restdues 803- 
337), aad riuc finger rnotia (ZP, residues S&0-412). Canateteut 
with an ensential role fer NEMO In the activation of the NF-*B 
pathway, two human pathnfagfes. Incontinentia Rgmenti and 
Anhidrotic Ectodermal Dynplama with ImmunodefidBaay 
(EDA-ID), were reaently ohown to be associiitcd v^ikh a partial 
or total Ujsa^unction of NEMO (16, 17X Interesting, mu- 
tations reepenaihle flxr EDA4D were mainly £ouud in the C* 
terminal part of the uwlecule. Tb date the molecular mecha- 
oismhy which the DDK complex is activahedremainB unclear, ft 
has been prpp osad feat NEMO activatea the IRK complex by 
recruiting the IKK sanate to a receptor. However, alune 
la gnfflrfrnt fiir the recruitment of IKK to TNF rBcoptcr 1 aSer 
TOTa stimnlntfon in NmOdafnuent cells, tn«tinnt^ g that 
NEMO is not emential far TOF^indnced IKK recruitment (1BX 
Co4mmunopredpitaixan esnerimenta and in vitro Ciuaa-lmlnng 
(W ahcwe dfeeahgityaf KEMP to aagaaaocfata, KE MP ott- 
gomgrbnmoa has also bean ahesta to he orucial Ttnt acttva- 
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25 ( S.'^ recruJtaCBt upstream activa- 

ma. Mutagoneeta caperittente mapped the region cf NEMO 

Jto undewtan* tether tita innleailar rote Of NEMO in the 
ggwgan iKKagnplea. wo hHro studied the hfrrtnrnirnl 
P^S^f 9 PWifiei tmtrioe NEMO reeomhinasi protein 

In Escherichia colL TSie hanwlognna Hap70 of & cdU, CaaK 

On aasodatum by gel filtration and analytical idiraeeatrfni- 
cation methoda. Aa Ac HspTO protein famfly £a relatively well 
amserwed, the in &tot) and in owo association of NEMO with 
human HapTO waa examined. We also investigated tbe aligo- 
werteeteto of NEMO fa rtoo by protein enaa4maiog eqperf. 
™ pwrtnt e nt with oar resulte a model waa proneaed In 
which the bipartite ftmctfon ofthe ^terminal rf Somod 
ulatea the activation ofths XKKcsmpteB. 

gprnnffitrzAL P H OCEDom a 

Etna KoctoMotecalai' Bmdamdeata, Tetraethylcne rfycel ramwcetyl 
MhcrOwMSendBtifaSwerata 

£?£**fc??P<wt 3-10, was fram CxIbiocW. ttstm.leimldojhasmo 
(HMHj and hfaCmatomMajaluuM CHMOg) ^ from ptoe, 

m^Mortae NEMO waa enraged to £ «K with thapffi^et 
p^aslra ayrtem (fatfamaX The NBMO cDNA fl4> «afl cloned in- 
fl^jrt* tao vector into AuaRI and toll aites to tfve plwmid 
pHmTWNTBMP. J* 0 <«»ded pofrneptlde (rNEMO) cennnaa an 

HDLYDDDDKDHW) masted at portzoq 2 ia NBMO, Tt&scranoo 
contains a His tag and a e£t» of pnttedyaiB hy entenddaju*; 
A truncated mutant of NEMO csmxpasdina to i put of «o 
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.loa^Jn^ 

hJSL^L^?"* 1 "J? rf C*erminal fragment (tKU* 
waBS fay figment) to, the R&mo •* described aW for rNEMO 
St™ 1 ™ ceosmJanant protrfp was predated tft 87*0 ftom iBter 
ttfeaJtoy, and ft lmJiDDM wan ned tiwtcad of lemm allhaflctn,Thfl 
g^fathaW4»TAc^ 

tratwn of fmatassto C9SO nut) aa compered with rNEMO. Practical (S 

haflfar EO ma Tria-HCipH 7A cmitshxmn SO raw KcTl^daEa. 
etyttrfn* aad 04 OH DDM (bob BX The psofateTamalel^Ua^ 
waa gwoJoadcdcaa HeagawoQaahaaa (6 ™» f Am^.., teacieo5l 
oquflibmtod in tea heifer B. a. majority «f tta protein o amnio (Bin) 
parad Ikrengb the mtmrm and OBrreapoaded to hamoflejwois D24S- 
raaStop fragment (Mto Fie> Q). SOU was bound to the mania and 
elated with m 120-ml gradient (50 Bug to 1 m) of SCL thia ftoetbn 

of Ail us Mail hy HWWiOB, Both fttationa urn ma^fiote 
2Sf^? W™***™^ »A 100 mJlBCl, 1 mMdhhiocrythrital, 
S0« iJBb«oJ ^nd 1 n» DpM and amted a t -SO Pnrtein <s>««m t™- 
bau woe detexmined eBher ay the metaod of Brtdfbrt «• hr AbaJA* 
aaflBai2MBma*iagaaca*mciimea6ffirf^ 

**m&0 end of 04W toAttff-Aw'ftr the tronceted rftfiMO. Ml^ 
g^m^gofaato ^ 

aescn ood pteviaafi^r aad dm amino add sequence oamparUeas 
vera canicd out asks the prntohi data bnae Coiibri, 

in VinryBindineAJxey ttft* Pmita^jtic and RvtoryoUa HopTVo and 
O^nmunapr^^ oMBamte aaatese boada easpea- 

•Sew [88 id. Qiaeea) oa^marated with the buffer C (20 mv Tria-HCL 
pRaJO, aO mMaof rtewI c flOO mjvNaCl, Z mx DDM. 69 gtytcra3, and 0.1 
ani dJlb£ocrifthritDi)TOre innnhntM Ihr30 rate «t 4 «C with die pariBod 



««i — D " P^? U pSSBTaWBMO as template Briefly, NEMO 
«as am pHfied batanaa the S' pdmer SSSZSS^l GCAC- 

£J2™ ^ tothe . P«*TKBtfde asqoeaos. Ate ampOfieaUoo. the 
QaiHgaat arne digested wnh yftal and AimHI and ckned into e nST. 

^L?^ ^g™" 1 wtw vtrtfled by DKa «qapndag. 

Pj^toofrNBMO^pctfimnadd^ 

SXYl^mpidllOT^re/m^ 

eoteeanentet^p vera eaadueted «4*a Aib» haraeatimilycfintrtfr 
B : o^atolaff 10 ma MfeOo and t am dUWoaiytliHtnl, .ej™^ to 
ma d^oytioia^owrto^ 

aad bmaca m & ftBnch press »t l^ta penadaftaunre tach. B^Saato 
«as tbea diluted a&Sdd with thTiS^ ^^tt^SJS 
"*S?,<2 ««TW>Ha.pH BA SOD mil NbCI, oa tni. aid 

^ml "i-Hl^rCgawafl odamn cqiagen, US x iu eaO ehamd «&fa 

bauaaala, dm bnaad material oraa dated at 110 am tmMacato br a 
JM^Jtear padtent f 10-400 ma faxfitamle) m &O mif W»-HcCpH 
5M em NcCl, ai m*i DDM. rVedicns eoatalnlM r!«EttOw«e 

«med twmi aenunt so ran The^fa, pBao.B^amRCLlawmUL 
1 me ditWoeiytltrftol, aad 1 am DOM (bofi^r A). An r?JBMO ^mplo 
ra 1 £*"5#? d J 0 • acaoomo Q «dmnn f 8 ml, AnmrahamKooctoeal 
af^Sf 8 * 6 ^ jSL^^J??^** * * a * elated v&aa tfiO-ml naear^ad^mi 

SIS? 0 *??^ BDB*MW) ot» pooled (18 ad) andd^^BBd against 1 

Sl^^^l?^ andeluted wiib a 60SS taS 
S2?Si 2°^?* mM ?^ f P° tgMfana PtephKa TOa pee* cf iNBMO 
y?,f!fff.ff "ft ■°Sj raniratod * irtxemtfatiaa tSWxaad 
do^yxed twin ass&xt 50 am Tria-SC3« pH 74 1 am dtthi^jthrlm!. 



*""t^ ZT* "fi"^ ™ eaptoed arfth Hx»NEMO wm 
waabed twioe with a XQO-pl volume of buObr D (60 ma NaPO* pH 7A 
8C hmc imidamte, 160 am NaCl. l mat l)DM. SS6 (djowol. and 0a ma 
dlthiaoiythritol). DaaK (BtocasGea) or human Ifep70(SWii waa thai 
«tdad and W »urf &r 1 h at 4 »C tn bafiar O eoatafarfa* 0.1 nm 
jI^WtMaiiA^ OaeHde, Magnetic boada warn eepamted aad 
wsabed 8 tuaen with bnflar D (100 id). HepTO protdas trapped by 
Hja-tagged NEMO worn neovorad by elntian with baSer O oontaiuag 
flOO mv ttaldaaok W towed by 6DS-PAG8 with mW staining. Cell 
ad tare, transaction of 393T ecUs, and co-immuaopredpftatba were 
eanied oat aa rtex K bcJ preWoaaJy (UX Weatara tdottma- waa par- 
ftaaad uahig aatHlaiffll ^Mt,, pamddad >y w?^* 

FuaeiCa^Jnannttim Asmy & rNmfO with th* UK Gnmpie*— Cell 
cattafB aadja^mmdaa of 8100 catmato from flttA marine pxn-B can 
aad the KP-eQ onraspomdve mutant 12E2 were eanifd ant aa da* 
(sribed pwvfeaab (14). H2s-taeead NEMO or Hb-tagged fr anmtaal 

wifix Ni-NTA m a gnetf e aganae henna f 1Q0 pt Qiaeca) eeoOibfatod hi 
bulftr C A»« ceparttien «rith a nasuet, tha Bopematant ooaUmiaff 
Hm-t&gged prabstxxM In caeesf waa tcatond, and thv baada aataxated 
with Baa pntegn* were wuhed twice i»iih baffir O (200 id) «ad im». 
bated la a flOfrol valnma of hafiae D at 4 "O mr 1 h with 8100 eatnuaa 
tern 702/3 tad LflBaee&a eaatahdne OB and 1 mated of nmadmL 
reopectSrcJy. After eateaa^re waahing' m bnto D, His-ta^ protSa 
weio reegvered by glutton orfth tmfa»y n awmrf^fnp aaa ^ H totaaaola 
aM^T^DKaamalaa trapped (peBet) er an« tfapoed (supernataat) 
waa detected by Western matdaaj aalng antt-IKKa antibodies (lav- 
EaaaaX Tea aaaeant of Hm-tx^od pxotela immahflbed by KUJTA 
bcaji wsm (^aloiitod by SDS-PAOE ■nalysla with Cocmaaab staJnlna. 

Greater DichraUm nod ^Emraascnca 3p«x3nxxsm~.Tfco CD saea- 
trniorfrNfiMD (15 ^Oeroftha truatatcdC^oratmaloWain(S8^5 
waa reeardad from 182 to BB0 mn at 20 "O and pH 7,0 ia o hnfT*+ 9T\ 
petasahna phaaphala cnrrtm'mng l mn CUM and 1 mvdiddaetythrttal 
gaffir 8) asms a Jabm-Tvtm GDC apeelaodtefajogranb (Umgjamean, 
«oncaX CeCa m all wtth a path tength of at amt warn oadd. and the 
piodaat of the timeamatant aad tha rate of ecaanlng were below OS3 
mj ®3\ Each opsearom waa the remit of the avenge of three eeaaa 
Wi«afmmU»aan»^ 
feareftecba^.pfamirvohrto 

to Oteattthadaf Caaagef aL CM) nains the UDPITT nragrnmaa 
deaeribed pnvtamry Q^Tae fluorescence cpeetrom waa reaadad in 
aaisr B ax so *□ on a PB apeetintiBMrBmeaer Qaantamaa ter™ tha 
caaftat aa wayefength waa ass nm in rr*»i~t»- tan caatdaadaa of 
gnol redaneatn the tea] fieatttacaet. The oa£talara and emlesfan 
^ ftst ^"^*^ w ^?^ n * fle t to 2 nex The fiaareseaaea yia!d waa detar~ 
aa c aaeaaed preajeaary (86% 
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Analytical Qel FS&rorfna— The opponent fitches nOha of flfflMP 
was cfetcrndOfid both eft 80 and 4 *C by fiitrstien of 40O-pl samples cn 
a, BopeidmSOQ KB 1*30 column CAmonbam Btedn^eqidSmad 
in 60 cm Tri*-Hm, pH TA eantainme; BOO bui BIOL 0 J mu- DDM.end 
ljuidiiju»*y^^ 

was described to terms of ^ - V ft (ml) oorxespoadlttO to thsprodaetof 
J ^?J' r " J> ' raa ** r - fa «» Nation vomwe of fibs particular 
protcnii Y 0 and V r are mid and {otfil *olmnofl of the ~*»™r. eemrmlaed 
with btaj .coma 8U0 am) dIUuoeryttrUoL refijxctively. Thyreslobu- 

7 ^ « «fiA A), bovine serum 

oflnunfai (WU^^nauAj, ovalbumin (43 Idla?** « sr.fi A), 
cbjrrriMTyp«luajmu A <SS kDa, fl^ o Bl#l Ah tool rUxxwdaasa A IIBL7 
kDa,^,= 16.4 A) were used to calibration. 

tedumtoliaa VelacUy-PriBT to **Hmcntottou iNEMO wii tn- 
jected on a Supcrdax 300 HR 10/50 column equilibrated In baiter P at 
V 0 -. 1 *? ftwitea (08 mgfel in 500 pi) corresponding to On median of 
the elation peak mu analysed bjr eeatvffiiSSJ^ udosthsBniiUhriom 
buflbr of to column m rengence. Heatecam joo ealacUy taygranenta 
Performed at 10 *fl to minimi?* pwoHa •flBCBflfttioB on ■ Bookma n 
Optima XL-A analytical ultraeanwifuge equipped wtta en An-TftO tt- 
tamum onr-bcie wear witb twe-ehflrtod l2-<nm path length center 
ptecca fiamnlea of 400 id were ccntrimesd fit G0>ooo rmn, and radial 
ataDaefabaorbaureetBBOnmfrereta^ 

analyzed nting tha computer pregmma StoUjok <&7), *as£fy prevtdod 
byJo!uRiU9(Ameen,lmOiTte 

the meniscus were not taken into account for the fitting ft^^ffm The 
XLA-VELCC program supplied by Beckmaa woa used fir tlm calenla- 
titto of tfe o apparent ssdimsntaxan ooeflldan* ste*), ton lb? tune 
aenvatrre of the wHImrqtCtioa ▼claeitr cxmiaaa button, profile aa de- 



NEMO OU&meiixotion Domain 



■podge tolomea afDaaKand cTDnag*HKMO camplea calculated ton 
toejx amino oca fwn p n ei tfrm were 0,731 and 0.78a mite tCBpeetbriy. at 
10«q Afl data warn fitted with una, two, or thrao Bpodag moaab an 
daacrtbed prtvfeua]y(38» 34X 

/a VEntt Oxmted OmJinMog Hoi* ceUa ween purchased ton 
American Type Culture CoIZaettoa and were Brown in Dul&eeafe sod* 
utr d Hgg lrt mgdUmn ggpglcfflcatod with 104 retal cair oanim. Cnaari- 
Cal oros-Hokiaaa in ataa were pccft n a o d with n boarmhfflinrttoftml 
CMBfrBflto as described previously (flS, BaX We nttd BMH or BMOB 
wbka la vary afmQ&r to BMH except that ton twaeute^tarfaogxonpft 
ace linked by a Owner gpaocr arm (9 A). BMH and BMOB were 
puR&ased ton Fiona end were stand la Me£0 at -SO D el 80 et«. 
Tho tot vivo cnva^InaiBK with BMH jjaie tile name reaulta bb BUQB 
"pi* that the offlcfenay of oiwja^lnUn^w^ invar. B^af^eaua(BX 
100 were concentrated fate 1 nL reeoapended twice with fteah medium 
by Buccmaire eentaiibaatlam (100 X g ftr 10 nra^endmsnnatedantoe 
fcr 80 min. 85 al of stock BMOB (30 em) waa than addad to halTofcpua 
(4 H 10* ceflfl in 000 pD a 1 87 *C to pira a Baal cnaeentmtloa of BMOB 
of 1 tme, the other half were mock-treated by 86 nl of HfioSO added aa 
eeotmL 100 |dof cello were withdrawn •ilbmr imraedUtaly«i«r addttfi 
BMOB or after 10 on or 8 h, fncobated Sat 10 mfeateT^ and agonal 
with £0 pi of ibo mu dithtoexythrtcal (final coaeontratttai 2D mu) o> 
qucach the eaasa^mkbttj reactmn, CdlswerethenpeUctodat4H3ead 
waahad twtea with eaM phooplotfe-bngbed uttw* LatajatB 
tauf nalBw imeplemeoted with 6 M ores (100 pi) waa aaned to eeBpcUeta 
(40 id), and On rnattnrea were beibd ferlO min.Thepredpitate» were 
removed by ccnBtftmattna at 80,000 x g at 4 ■<) tkr ao Baeeino. 
tanta (40 maftaD were dBnted BMbid with LeammU hnnhr bo that iff pg 
of pmtelo own bwood tn wtoh well. Western biota were performed aa 
described ptBfiBaaV (at) name; a final antibody coaeentrotiaa of 0UB 
PBftnl with pobcteaal antl^TEMO (14) or with monoclonal aatt-XKSP 
(PharMingBaJt 



— " — ~ «— - — '-'"■^m M Hwww m «scw "iom- ^ partial 

epedflo n»!ame of 0.730 cm^et 10 X Bw rNEMO waa cakolfltEd from 
Its amino add oompoalUoa ■noartingte Beg 89. Bobeat denakr aad 
9bKieatt7 at 10 -C were 1009 gtosr 9 and L3 X lO^cp, reopecSve^ r 
determined too penBahed tables (88X Hydrodyoamloparffmetaimcli 
aa Cfiettooal culiaftfo and Btato rauflna Trcrc dednced from the Telia 
Qttthod (80) uoing the SEDNTEHP progiam provided by John FhUo. 

fioo^brlua> oVaVms7ifalRm>-^edmisntattoa eonlll nrhim eapert* 
meats wfth tNBMO were carried oat at 10 *C at 8,000 or 18,000 ipm In 
a Beekman Optima XLrA analytical tOtraeentrUUgc. jaftial loading 
ttaoBnirattoafl (180 ol) were either 0.34 mgtad to a bafier 80 mu 
potsssiam p hnflrhnrr . pg 7& t eon ttimng 1D0 roH BDL ID ma OO, and 
1 mu dhHeerythrital or 0L23 mgim] in a bufier 80 mu pataaaann 
phosphate, pH 7-0, eoatalnmg 100 muRfi^ lo nut tome, and 1 mu 
dWoerythriteL la tho erody of tho C-taxminal trvgmaxi, eaperhneata 
wore pvzsormsd nanuj two loadimj eonesntratkma (1 and LB mgftnl la 
120 PO and two retor speeds (12,000 and IB^COO rpm) itt afimglflnmae 
rfperriV i l in Table XL Pretem samples were allowed to ootsSKbroto far 
W h, and duplicate aeajm (3 h Qpajt) woreenadatd todateBmiao tet 
tfceee were no fixrtftsr changes m tbe Hample eetL A&CT eoQectim} data 
aaeanffihriant, tint eampCea were eeabfEhsedsA&0/»0rpamrl3htO 
oedlmcni the pxcteia, and radial rusum were again <all£Et«i to obtain a 
boaajhto earrectbn £br each ealL TO detasnliofl the jnaarent aaaleenlaf 
eiflK), r*o Mhxred tb» ftjrmellflm ofHeyaaldj aad Taafeni (31) Id which 
fcbe osntrlbotlan cf Ike bound deierfientB^iA^eanbewrittaobytiw 



where al» is the molecular mass of the otthydrona pretda4atar£EOt 
oemptor, or tts partial cpeetSe volume, A/ p ia the nmtolnj mara of tho 
enaydroua pretem, ^(m part<ol tpecifieoalomo, pia iho boflsr densily. 
and Jfe^ ihe pan ml aneeifie eoSama of dete«ent.Becouaetheo^!^of 
thedetergEntTOBSE CC^4) was elosa m thai of buffer, the reeend term 
mdte sacond mcmher of Bonaoaa l waa negfigflte . In coptraat, the ?V 
ofdstereansmloenoOO was low (OlSSz O004 mVg es 20 "C (38)) and a 
denaifier such as the asuwaaa (a often e4Mrothanuf&^ tomatthwtfh 
tbe deteiBcat density fcp* = Ifowever, the odultiottcf Eurrooe 
cMchanydramathaBytno cltonTCT B^ 

aaaodation. We rather used an OO oaneootratien of 10 not below ha 
erttieal m iadla ccacentrattea (SO mu) tn prevent debrs^nt a poe Bo 
temadon such that the aaeond tatm becomea neflBgffile dsn to a tow 
£bhii At 10 «0 ore denatdea wero U009 ami LOOT «ftaJ fa tho buflbm 
' r 10 mu TOQfB and 10 mx OQ, 



Bxpixttwn and Purification, uf Recombinant NEMO-fte- 
eoohfiiant Hia-tagged NEMO (rNEMO) waa expressed in & 
coii at 38 °C to pwrent the formation cf lndcaion bodiea and 
purified Mewing ttie protocol under «EinGrxmfinlal Praco- 
dnreo." da analysis by SDS-FAGS of each ehrnmatograjaie 
step ia prwentcd in Fig. 1A. The eperiSe biadiag cm chnnnato- 
firaphw matrix bearing a rirtriJotriacetk group charged with 
nickel (Ni-NTA) waa strictly dependent on tits presence of a 
neutral detergent such aa dndaeyl maltoaido (SDM)» which 
pr w iu iua l fee fixnmtinn qf aagreggteaL Daaplb? flie addition of 
inuteajalnhlbitor^apaiti^ 

dstected by Western blot. Tfeda partial Asgradalinft oecurxed 
oven if tha bacteria were directly boiled in SD&urea Xyala 
buffer (data not shown) and was likely due to in triao endega- 
acuB protBflaea, poe3lbly fbctered by tlie lack of interactian with 
HSKa or -fi eannaea. The nretenbrsod fragmaata were eaauy 
removed using lan exchangers (eoranam I&ross Ni and HA in 
Pig. Tha aaajyam of tha Ni-OT A pool by BD3-PAGB also 
revealed the nresenoa of d0- (p40) and 70-kDA (p70) proteins 
Hones Nl and Q). Theae protetos were not aund in the elnele 
WhaneaLi attu without tagged NEMO were loaded onto NI-NTA 
cnhmins (data net shown), n^ir co-ehiticn with rNEMO at tha 
lagh mndarala concantraMan qged BUggBBtB that both pro bahui 
were bound to ftm cnmmn via their aasamatian with rNEMO. 
Wriercaap4^enu!dbGceparB^ 

hydnCTyapatite enhnnn (Zone HA), p70 remained associated 
with rNEMO throughout all purification steps (compare Zavzsa 
Ni and JZAin Wg> 14) as well aa faadd^thmaj gal fiftrntftm an al 
nydrnphomn ehrnmatoBra^dues (not shown). Theae geantao aup> 
part tha view that p7D farms a protein ampules with rNEMO, 
Two odnlHnnal mfaare bands **** maleenlar maegesj 110 rmA 
160 kDa. respectively, were observed ia SDS-PAQ] Qane HA, 
astEriakB) and ranngn twpd by antt-HESO entibodieg In Western 

blotting (data nut nhnaml jejannjlete Ala*****ptora) qf rih ^Pttgr fg 

proteins upon SD&PAGE can be c^sserved when a naotxal 
detergent Sa present In the loading hufifer, and these two 
polypeptidas could correspond to dhnerte and 
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5to. L L. w. « • whim u cafi k-x^csj.«jb rassm. CU&BUJ 

«m tNEMO. A, analysis !g* of the , 

5?*2; ^ f™^ a«a ttwutemed it caU ceuj 

— M ^«^ M«fa gKBMD (anU phmtf) (fam C) TOBMateal 

£22^5!: fS^S ,6 SS. twf ****** Polypeptide ccn^S 
to mft m rftm am NEMO. Tho ftnal/da of tha pooted ftAetuma genTSS 
QaJBntfnidn is shown bb fettcwm ernes ami are the pools 

Pvgy (asp 'Experimental ftrerrinretf*). i*xn« Jf ounmpuada to protein 
martemAmna* indicate tN&MO en* co^uuns pM and p70 pretriM. 
Atfnufct indicate 11C and 16040* prolan taSfattak are aperiflcafly 
twagn faed by iKBMO tfitflKvTua. J, cfcapenmg rate ofPaaK on S» 
nwwnWfwitt NEMOl ^nflfca »mgMn ^fr»ot,i..g | mvnilUtras dlr 
luted tn a baf&r enntalning ^2 tum DDM. Ate amiriftigatum nt 1SJXX) 

rem, the supernatant tfam S) *nd tl» pellrt Ua/iff J*) i * ■■— 

X, and the ratio OasKMCHMO was — 



**JHMO as Judged hy flarir Apparent mofeoOar miiHs. Becanse 
rKEMO with a calculated molecular maaa of 61,786 11a carried 
an K-tominal extension of 33 rooMno*, it exhibited a alight! y 
abwer elEctrophnrotin mobility as compared with the nattva 
NEMO (oc roparo /bra M and flAm^ b*l Tlia purification 
procedure yielded 15 ma; of purified rNEWO "*" *jng to a 
WtocaltureClOgcfoEnirilfiOwlttiaBWal recovery of 28& 
As judged fay densitometry, rKEMO wan at least an hnmcge- 
neons, with p70 representing less than fi* of the material The 
abOUy of wa«l other ctetetganta like OO. Brjj 35 (0^^, 
swftftergent 3-18, or tetrea&hytana glycol monooetyl ether 
(0 a E^ TOME) to yrcuwvu rNEMO from aggregation was eval- 
uated using each detergent at a catte&tratfe&aibro Its critical 
miocUo craceata^Uon (cmc), K)M waa found aa fiio cast effi- 
cient and waa uaad In oil furthfi? experiments unifies otharrtea 
indicated. 

In eadfip to identify the p70 protein co-pnrifting with 
rNEMO, the N-cerminal seaneneo of en intenaal peptide was 
obtained after a trypsin digestion pwrtwnfd dira&y an tha 
pdyaerylamide matrix. The sequence KBRB9E found identi- 
fied unambiguously the molecular chaperons Hsp70 of & sett, 



DDM ensaentmtlan to 1 to OJ3 ssa indnned immeoiate pro» 
tein precipitation. Fig. Lfl ehowa a ehanga in the DnnKAcNEMO 
ratio at this lower detergent concentration. Very UMe DnnK 
was found in the paQet Section (/ana P, DnaKZrNEMO ratio of 
ISO}, whereas the two proteina were in a ratio of 1:3 in the 



protein ocmplea^ these data mdicnte that DnaK can act as a 
mnlm i l n T chaperons prote c tin g rMEMO to oggregatian. 
DxmKrNBMO Cnaqaea was further characterized by develop- 
teg ante o&m assay ualngte purified rKBMOaa bait and the 
rnmrnrr taally evaflahle pure DnaK. His-ta^cd rKEM O waa 
captured on magnetic beads OWWO. After incahattm with a 
VHriaWe emount of DnaK^ &e protein complex was detected by 
saver staioing of the SD&VPAOE analysia after etetian af S2»> 
taflgod rKEMO <Rg. fl). Kl-KTA heads not saturated with 
SSa-NEMO were used as control As shown In P!^ 9a the 
addition af DnaK induces an increase of a specific PnaR 
rKEMO complex with 1:1 atntchlometry. Note Hut ahhangh 
the interaction was weaker in the i^esenceafATF/Mg^^twaB 
not abolished (compare fthsndSth lantutX 



next examined whether the human counterpart of DnaK could 
abo inftxact specifically with rNEMO, usuiaj a similar en cifro* 
assay. As shown in Tig. 2b, the Bts-tBgged NEMO interacts 
specifically with HapTO arming a protein camnlex with ia 
stalchlanietry. Tha In vino ftRBnrintion of Hap70 waa alaa inves- 
tigated ualnff co-inmiunopx«apitation experinumta. in these 
experiments NEMO was transiently exnraase d in human 299 
cells, and crude extracts were used fin? fanmni apfecinitation 
with anti-NEMO antibodies. H» immnnotaecipitatea wete 
then analyzed by Western Wetting tinfrrg fintt-HopTO antfbody. 
The pr Hmniyme serum waa naed as negative control Aa ehowa 
in Rg. 2c both constitutive (79 kDa) and indacOue (72 Um) 
tens of HopTO were detected in ths immnnnpreclpttate, tndi- 
eating that human Ban70-Gke DnaK mmracmapecinnally with 
NEMO fn ciiflft. 

ImrlnsU Fluorescence and Secondary Structure ofrNEMO— 
Because NEMO has no enayznatxc activi^ p we chec&ed whether 
the raccgnhmant protein waa ccrrecQy mlded by rec anfing its 
CD spectra (Fig> 34) and by measnrlng its fhmreseenca yield 
(P<g 3BX FaMJVCDand flanrcscence spectra afrNBMO ware 
recorded in the presence of 1 miaDDM. Undgr these emidftimTn ^ 
the Hignal cantributioa af SnaK was negligible. The CD profile 
exlaT>itedtwoi*eg3tivec3ehte^ 

228 am and a positive duutrea hand with a nsaximmn at IfiS 
nm charaeteristm of a protein with a high o^hehx eagtant 



Deeunvclutlon of CD spectra using the method cf Chang c/ci. 
(24) estimated the ftaettma of the ashehx. ^mn, and urnnv 
dared form to 44, D, and BG%, respectively. This result is in 
agreement with the secondary structure prediction derived 
to the amino acid sequence using the DSC so ftware (381 

H ea jnthtnant NEMO contains two Trp residues (Trp-34 and 
Trp-39), faceted in thnN-tennmal part of tin? protein. To nrfii- 
imlse the contribution of the 6 TVr. thefluutescenoeepectrum 
waa nvrfnfpd w*th an enritntftm at 29S nm CRg. SbX The 
amfsaian speetnun dfapfrq**-* ma^m^ at aaa nm indicating 
that at least one of the two Trp was accessible to the aalvent In 
Addit ion , the frurescence o^xantusi yield of 0.8 waa high as 
compared with that afN-naefol'Z^iyntQnhanantijle (a>» » Hid) 
icdisating that rMEMO is oorreetly Silded. 

rNZMO Binda Specifwolfy to tha BSK Campkx--Thn atruo- 
i oral integrity of rNEMO was also checked by determining 
whether the pure HuM agged reenmhment protein could land 
si»effiealjy to the IKK complex through the Intcxucnan with 
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NWOA Ki-NtA/Hb-NBMO 




« 



IP 




4M -- » WBanti-H8»70 



NWTA/ N3-NTA Hn>?0 
HfetfEMO 

NKK0 wfithHfipflOl a, in vlln> aaoorfatfem wflfchi eaU DnaEC Nl-NTA beads OS jd) setamtcd with CNl-VTA/Hl^NBMO) 

«wittait<N^ 

AK Cf tngte gfl washings HM«pd rNKMO who elated, tnd fcfca protein emnpiz* wsa anajyxod by EfJ5-FA0B and vUuaKxcd by silver staining 
" ^S?™^^^!!^ 151 ProcgdaigL* A,fn trf&o rvWnrtnttnTi with Hsp7a ^ttarcrartnran « a cgcps tfrat Ki-NTA beads with 

atoflfl to ahoy parity, c, fa ribo aamdatton with hmnin Hap70. fi*t™*a ft«n ma *»tu tomnWij ggpn^ng MEMO l^nflWOTdrftn t^t 
with «ntiOTMOindfljQdfcscTapwtennnnc seram (aramdj. Immmujpreci^tatai </P> wen then tool/tied by Western blot fWB) with «a5-Knp70 



the IKKa irinaac CFts- 4). BlOO extracts were prepared either 
ftuxn a parental pre-B cell line (TOZ flg which amtanffl the 
natftm endoganoua NEMO associated to IKK wanptai er from a 
NSMOdafieiant mutant pre-B cell Una (1-3E2) (14). Tfco Ma- 
tagged NEMO captured on Ni-NTA beads was then incubated 
la extracts from both cell types, and the interaction with IKK 
complex waa detected by Western blotting after elation of the 
HSMBggefl nemo. Th* ptaffied Hix-tagged C tenuinu* mu- 
tant of rNEMO laeking the N-termtnal IKK bfadtog domain 
was oaed aa control (see belowX As shown in Rg. 4a, a specific 
interaction of rNEMO with the IKK complex wax detected in 
U3E2 ceHa (£q/m wharesa tw esaodatfon with IKK complex 
wax observed with Hia-ta&ed rNEMO fn 70Z/S eeSa nor with 
Hla-tsgged C tenulaus mutant in V3E2 cells (1st and SroT 
fanes). To determine the recovery of IKK complex bound, we 
amtfyted by Weetem hlcttiog «^ fr?rad materials m different 
extracta (Hg. 4ft). About 60ft of IKK complex In (he 1<3E8 
extract were captured by Ni-NTA beads saturated with His* 
NEMO, fadfcaiing that the iirterartioa is highly cpedfic Token 
together, CP and IhaircscegoB «p«?tK> en ^ ft> ^^w^^i 
assay ehowed that rKBMD fa * rbnrtianal lecomlmiant protein 
that ia c umjclj y mftfed with a high < " 



Qnonvrtaiy Structure of rNEMO and ofth* DnaJfa*i$MQ 
Chnjpter— The states of asaodatton of tha reeomblnflnt rHEMO 
and the DnaK«rNEMO oamplex were analysed by a 
turn of gel filtration and ttftreoentroVg&txcn experiments. 9c 
increase tha fraction of DonK-rNEMO complex hi solution, a 
part of tree rNEMO wax removed fey precipitation using a lower 
concentration of DDM (0J9 mu) (see Kg. 10, low 8h FTg. SA 
Show* thB ttnafraifl by gel filtration of the DnaKfrNEtfO mix- 
ture at 20^0 on a Supexdex 200 HRKV30 column In a buffer 
containing 0^ xms DBM. AU of xNEMD emted in a single 
f^rnmetrknl peok both at SO oud at 4 *C, BDS-PAOE muilyria 
showed that eacb firaction contained both rNEMO and SnaK 
prateura la a tatro 8a (data not shown). The ehxticn volume, 
between that of ferritin and thyrogjohalin, corresponds to a 
v&ry hoigjh Stokea radtoe Qt a ° JB Onset of Kg. SAX < 



gpondingto an apparent mass of 600 fcDa far a ghbolar protein 
feat could ind i c at e the presenoe of mulMmeric species. 

Tha ftnetiou cm responding to tha "r^lfln r**?ftf of tha column 
shown in Big. BA (0-8 mgfmR wso analysed tn oeduneiit&tloo, 
rclodry In the anmc bnfffer (¥\q. 5BX Unlng the SrafherB arft- 
ware (27X tha data were pocitr fitted with a ain^apeciea, and 
the bast fit was obtained with a two fipodea ncdel £&* and 2a» 
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fto» & CD nad ffnimiMum ap o c tm at Bm d gKft The CO 
gpectram of rtfEMO (15 gM) (A) cy tfco hitofctaic flnrjonaux cnHasica 
■poctrum of fNBMO U*S joti (fi) wete recorded at 80*O Co SO nm 
ptttasl&m phosphate faofibcv pB 7 A caandaJaa* 1 ma DOM and 1 am 
rfltftf o cq thfiteii RTritntifTTi wgwrlmgth ««* 296 cm. 

representing 75 and 85% of the material, respectfvely . Use 
o odfaenta tioa and riiffiiftfon coefficients of apecfea M 2 (sn- «■ 
4.1 Sandl^,- 7.0 X 10^cm%,Tah!eDaridtheOQiTSpctLd- 
Ing molecular mass *nVwi*t*»fl finm the ~ 



-100 
-75 

-SO 
-37 



iKBMO rNEMO-C 



L 



J I I 



iNEMO rNEMO-C 



fto» 4. tKSMO btedaapeeffically to 1 . t , . „„ . 

netlc hccda (100 d) saturated with mm HI*»taffffl»* NTRMfi (>VT^n7ri 
tttth mo Hfefrtagggd C-tcnalnal fi*gMM»rt (rNBMO-C) were imaibotcd 
for 1 h st 4 "C with B100 extracts ten MBMO -dcflBteo* m il Baca 
OJJ52) or puentelori] Hoes (TOZfBX After thorenfcb washing, boon* (a) 
and unbound CM IBs cnmples wttfl detected fay SEn 



w«a used as control. 

(masfl « 55WMX) Da) indicated that it corresponded to mono- 
meria rNEMO (calculated maaa ■ 61,796 Da). Moreover, its 
Stoke* radius (JR 9 ■ 59.7 A) and factional ratio 0% «* 2L30) 
indicated that it behaved ah a globular molecule. These results 



raphy experiment where all of rKEMO wea ehtted as a single 
peak with a 9a of 78 A (ebb TOaenaamn"). the pnpartfSD of 
spedfia Ma relative to % (25 and 75%, respectively) etKfttfy 
suggests that M* may onrraepond to the DnnKrNEMO cam- 
ple*. Bath the yah™ the avgrago «adiimm*p tfrn coefficient 
(*stuo «■ 6\5 8) and the very huge 'WFfiTfan coefficient W^m 
10.9 X 10 -7 cm%) reflect an ocjufliferiuia between rNEMO and 
DnaK-eNEMO tampiM. The apparent eedinientatum coeffi- 
cient distr3«rtittn ftmctiaii, gts*) verms s* t aupuutta this anal~ 
jab beeanaa the dlatfOim^oa> profile ealribitedalarBnaayxmnet* 
lie peak toward the high** with amanjunomat 4.1 B fine*/ of 
Fig. aB). 

76 obtain adffitmnal tntaaatton. on apeelas and to eon- 
ton the moranerie atats of rNEMO, wo nest analyzed dm 
nurture DnaSfeKEMO hy egoJlihriuin Bedimptrtatimi (Rg. 6 
and TeMe H gar flrfa gapflrimaq^ Ha? detergent mod coald not 



a denaSfier each as mflo« «nait». q»q detergent transparent 

To mmhnlaa the yrreifrfe cratrftmiian cf the deter gent to the 
calculated mass of the protein, we chose two different ap- 
proaches. First, wo used the o Vtargen t TOME (erne of? mar in 
0\1 u NaCt? win s density dose to chat of the bufifertn enter to 
echiew gravitational transparency (31). p^w^ we used Bus 
deter&mt OO with a high cma (cmc of 2fi mat in 0*1 nus NaCO 
so that Ita warMng concentration was below its cmo to mini- 
migo micella fignnrtmn. fl mhma t% sedinientatfan eojoim>- 
xhsn experiment of the mttmltoaEMIEnfOwilbaiBtfoUa 
to 0 boil er co n taini n g 10 ma OO. Again, the radial djatribntton 
was poorly fitted with a sfneja epeeiea model, and the beat 
Citing; represented by the curved lint In Pig. 6^ waa obtained 
wtth a two flpecfE^ modeL Aa shown in Ttihlo I tho voluits fmirtd 
(49/100 ± 3,000 Da for M x (HSft) end 840,000 ± 20^00 Ha te 
^(^^eeireapcnded to monomcrte iNEMD and to a heavy 
protein complex between DnaK and rNEMO. Ma ajgnifauit 
inmTOvemenlwaaohtaingdTg>Mn fi*ting«K>q «ff?w ff 
throG-EHnponent model either in fixing tho maeaea of protein 
partnera or in allowing them to fioaJL TUa Indicated that no 
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aedSBC&tsikfttl velocity* A, distribution, 
profile ofrHBMO 



in loading SLB 
mgtol rfJTSMO lAeqrdlBjxixtm bnttt? F(50 
mi5 Trf>HCi» pH 7 A 2M ma poUschnn 

ddcaHfl^ mM Hum, sod 1 nm dithfo- 
crytfctrrtaD. Inset, cafflntattap Coxvc £b* 
globular proteins m o Mo rad Ilk the came 

PneedoxeflTk. ra*f, ttqrrortSESni ftr, 
ferritin; Crt; cat&lass Afrf, sMoln oej 
Ofr&tft» QgflPmtPul; CAjm t chjmntiypsizro- 

CEpBBffiH* UtO Vviu H&u tQBJl VDldni£9 Oi 

t he o &Iiimfl, RSpCctlra^f* &, ana^afi of 
rKSMO ttf ftedimentarigp vdadtx- Fro*- 
tina 10 bob the MM^n hnlMi ehmmi- 
togrtpny (OJB mgfej) m Bedfaoemcd at 
60,000 fpfil. 6ediinj?c±a.tico p;«51rj ($7**- 
Mi) were recorded at SBO am, and the 
fltfdima ita tf pQ data wore fitted (euruuD 
oflfng a twoHtpBdea model fta dfitfiuibad 
under "&aperiiit€fitJtl Proo&dnrea/ ResSA* 
oaSa nfadai ad ftx coch arffancBlotlnn 
pnfite an? &tdSostO& alwu* faxl, ea5- 



ttoo, aa drembed 1 




Radius (cm) 

fega DnaKwaa detectahb during the oegtriftigntfcrp, impjytog wifh a bu£fei- contafnins 10 mu TOME. In this case, the mulec- 
egafn a tigii binding between UnnK and rMEMO. Similar alar mesas of and M a wot 88,000 ♦ 3,000 Da (66%) mid 
results were obtained when the experiment were performed 380,000 s 10,000 Da (34%), respectively. Given a compTn 
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Sedimentation velocity data* 
Dutribulkm of njciccukr Jpttks 



uo (Da) Qea feeaoeeja 

BedhraUatian eqgffie rittm *f a*a* 
OeteraeatOG 

DtHtribotton of molecular apedea (ft) 
MalcouUra»ac9<0») 

Molar firactfan(tt) 
Mokcalar ataaa (Pa) 



<Da) 
(Da) 



76 

7JO±0£ 
29.7 

63,000 ±700 



48,000 £3 ,000 
55JDC0 ± 3,000 



S.6±OJ> 
10.3" ±03 



84 

300(000 HOuOOO 



61,796 



Hjrerod>eamift l^grt^toB^tgggtettoa TCiucity vera obtained by Biting the 

a doeo at 10 # C Bang a detergent ameaatrotioa of 10 auc aa daaoAed Bttdar%pB<n«iiifli Fkoeadam. 9 



cojistioa aafng the 




Ratios (czO 



8. fiodhnoxUttoii C^uffifar!™ of rNEMO. BqulUhrtztm di*. 
HttBtorfrtflaro oeettriM tyUs ahaorinmnB at ssonrasa plotted sa 
a ftmctUn cf radial diataacs at lg^ooo rem ami 10 initial gotaSa 
CMioBBtwHon wca 0.SS ingfol with DnaK/rNEMO ratio Of la ma 50 
mat Trta^nji. pH 75, cootaunsB U» m* patwlwn cfalcrfafa. 1 mv 

Cbqo afao IWde a ihcoSwa 
radial diatanea la afcova shore, 



' ± 2,000 Da flggpedaM, 
if EBsSteab aa Ametcos cf 



etnfch famtt gy of la (soe Fig. 2)> Oris mass matches with the 
mass of a BnaKeNEHO mrnpTes «mtntnt»^ 3 ranlecoto cdT 
DnaK brand to 3 rNEMO molecules {theoretical mass of 
360,540 BaX 

Altng gflier, car nltreeggatfUgatton wpw tmartB show tfrat a 
fraction cf the recumhmant rNB&fO is present as a 
while the remainder (0 tightly Bssodated to Ora chaperons 
XhiaS. The DnaK-rNEMO oo mp lea forma a 



structure (3;3) that may corregpood to On assembly httermadi- 
ate of rNEMO trapped in its trimetio state. 

Th$ C-tsrminal Domain of rNEMO Form a Trimerio Catted- 
coil— In order to understand whiih region cf NEMO medialaa 
its oJlgwneriaaBaiip we c uiupana d the seqrcnees of NEMO and 
cf the related proteins NHIVFIP-2 <39, 40). The best conserved 
C-tenalnal half taming adds B4Q—41fl in nbmd) iarindee both 
the aafleAeeil CC8 and the LZ domains, as well ojj the ZFranttf 
(Kg. 7X The analysis of the 7-reaidus repeat composing each 
eafleeVcml domain using the ^ftil«f>rj program (41) predicts 
that the CC2 ahowa a propensity fan ftm fadmeric oofled-ccflfl, 
whereas LZ, gnpflwr to tho wfld-typp OC2H LZ (42\ ia likely to 
eetfeaaodate into dunen tb daterimhie ^rnlcn type rfegtfnncr 
can bo fanasd with the C-trmrinal part of KEMP, we tried to 
efcpreas the O-tenninal danuda in & cdj. Un&rtenately the 
complete fragment was poorly prodttood iaS. cob, maldns; its 
purification difficult We neat decided to express a fragment 
cBrre8pmiflUr«tothflC-terrn^ 

C-terjEofna] amino adds enmpeeing the sine finger motif (resi* 
dneo 2^2-883). Thm fragment wsa weU acpressed in & cotf, 
and the use of the purification procednre, described under 
^yeranentsl Ruoenurea, 1 " leanUed in 6 mg gfhemogeoeoiis 
protein fiom 1 liter of cafture. Am the ronton* protein also 
stowed a propensity to faro aggregates, aQ buffers were azoo 
supplemented with DDM (Oil zbu). The apparent nioJeentar 
nmse observed by SDS-PAGE (inset of Fig. So) was in agree- 
meoi wtth the calculated moleenlarnom of purified tmnated 
mnkani of 19^25 -Da. During the last chromatographic step* 
the frac t io n uf the truncated nmtant protein which passed 
through the Q-cohimn (SOS) tana homogeneous Unset of Fig. 
8a\ whereas the part (20%) eftited with a aalt hnear gradient 
urea associated to TJnaK in a otzrfchtcmetzy cf 1:1 (data net 
ahownX, 

Bw CD epcecrum of the purified truncated mutant Is shewn 
m Ffe. 8a. It ia rfnnlor to that of WT rNEnXr withanio^nmum 
at 192 nm and two minima at 208 and 222 nm, hut the omuti. 
tuda fl f cnth dichmic band in dgnificaiit^ hitter, yieHing an 
o>hehx cemtant of Bfl» Instead of 45% in the ease of WT 
rNEMO. in contrast to the WT rNEMO where the same ohe}> 
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CC3\ lecciae aipper and «fno finccr motife (ZF\ 



HCCi end 



rsmgp (2~40 mm) (data not ehown), malar dkhroic aheorptlaii af 
the C-terminal fragment showed a Strang concentration de- 



pendence. As shown In Ffc, 86, the increase of protein i 
tratlen n alaniflcant fapwww m hehaty with a plateau 

at 10-11 pa, canaSatent with the fiamatjcn of intexmolecular 
oofled-coHa iminwp^i by the olismneriaatioa of the C-tarminal 



quateniflry Btruckire of the G» terminal fra gment was 
determined by equilibrium s ed fanen tat toiL Tab le II BttBUp af 
hct flbei^^te rft^^ using ^i^^mc^oe^Bciea model or 

tained at 12,000 or 18,000 ipmwiA^lttfaiziff c«noentrslfaui of 
either 1 or 1 J mg&nl were poorer fitted with the osa-eamparteixft 
modal toanga molacular maaa of about 35,000 Pa) well abate 
the 19,fi9& mass of monomer tiwHwrfj^g aU gnner toa ttoo of the 
G-tensXnal fragment, lbs beat fit at l^JDOOtpm was obtained 
mth a TTinncTixier^attier^rttccr model which gave a ajgnigcant 
improvement of jf* and a random distribution of residuals as 
compared with xnonospecies or faupeetee modda Cmonomer- 
trimer ar dimer- trimer). There &ie» in a ponton concentration 
range of 0.5 to 2.1 mgftnl, the average distributfon of the O- 
terminal fragment present In solution was monomer (54ft), 
aimer (16%), and trimer (308) with dissociation constants 
&**«n> *2wr> and A^~. T equal to U7 4 17 A and ad jas, re- 
spectively, indicating that the affinity af the nwnotrimer Is 
lS-fbld higher than that for the hemodlmor. 

Quaternary Strvctun of Native NEMO- Previous expert- 
masts (14) using gel filtration anafenfa of 8100 extracts in 
different cell lines showed feat native NEMO is always present 
In ftasadattou with IKK kinases and that no free form of the 
protein amid ha detected, ft* order to detennlne thy oHgmnerlfl 
etate of the NEMO In these complexes, fa oioa chemical cross- 
linking experiment fa HeLa cells were perihniied using the 
peraeahla honmhhnnctlnngl ^^y-TiTiBTT. BWPBL ^hfoh rescto 
specifically with the cysteine resfcdtfCfl (see •EKperfanental Pro- 
cedures"). The extent of total protein cxossJinhmg was probed 
by toe SDS-PAGE analysis of crude extracts, either treated or 
mock-treated with 1 mac BMOB. Aa shown in Ftg. OA, the 
pattern of treated calls only ettghdj differed foan that of fixe 

ftftwt«n1, tm< f«i tf that frwty p nmnll wnmlm » ^if ^rfly lf»» f mrrfgtw n 

were cross-hsBsd, When the cross-linked oslla were compared 
with the tnoefeJveated eella by hnrannoblottimi with eHher 
NEMO antibodies or with anti*IKK0 antibodies, specific cress- 
links were detected fer both proteins ORg. SB% Nobs thai no 
band corresponding to either NEMO (48,200 Da) or IKH0 
(86^64 Ba) was observed In cefla treated c^BMOE. indicate 
lag that thgcroga^mMna; reg n^n waaeampletfeTbjenspeinga 
gpedBsaHy reacted with Bjtf-NEMDantfoallca, grfth mmanw* 
110, 160, and about 850 kDa, respectively. The 110- and 160- 
kDa species matched the masses of the crcse4inked annex and 
trimer of NEMO, ma slighny slower mtgrstian as com p ared 
with to Qxsoretical massee of NEMO dnser (96 kDa) and 
trimer (144 kDa) waa probably due to the cross-linker m»l<** 
cules ftat may a&ct the dectropharettc SilgratSon. The detee> 
nancf the creaa4hikEddinierof NEMO could reflect a partial 
crcsa-l inking of &e NEMO trimer. This was not the case be- 
cause extended fngphation of ths emsa-HnkEr with Hel^i (3 bj 
did not changa the relatrro proportions of croBB^inkcd ch*msr 
and croas-unked trimer (data not shown). When usJnj ansV 
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FbK B. CD spa tram and BSMA08 emdyda af pnriSed C- 
Cerminal fragment of NBVOl a, CD sp ec trum of the 47 - i i nn i i nl 
dmnain (OJB mgnoD was ra ea ntc d ti 30 *o (a 20 nn pot aagfam i nhna» 
paste, pH 7j Q.cootsia! n g lmn g tnfaegttitan end O^ingP iaifaa ^, 

bme) was ao&lncd CO * 15% anS-PAfffl xnd mated bjr Ooomas^O 
ataxoins. The pasntena el aLce ww»»w^ i nre Sho wn, fr, conceatn itiaa 
dependenoa at W *C el the CD atonal at S32 am (O sad BOB am (w) of 
the Oeerounst Dsgment of hTEMQ. 

USBfi antibodies, ontyens species of about SfiO kDa was de> 
tected in treatedoena. this SSO&Da spedca, which co-migTated 
with the third crosa4InBBd spedes fip nemted wifli anti-NEMO 
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Ami-NEMO A**MKX0 

PtoJ B ^Cocntteal e^likiagofNEKOUc^AHcUaCi 

vmelttef tttoted (bn +) with tbe BMQB wi^te or mock- 
WHAM (fane -X Jba traction was caenefced by edame a molar ems 
ordft hio cg tluftal aa daaeribod under "Bncftecntflnfeptott?^ 
total ftzetein content (S pfl>, ocrrcspcmdicg to sdobta and inmlahfe 
protein^ ro pregtrcd by directly hoBto too ccflfl fa BPS buflfe r ra b 
taming 6 h area altered by finjUynia by IB* PAGE and Caaagte 
staining, fl, -similar eipcrfaaata wore perfinmed oa djomihtd 0* * 

agMhoga(e%g^ fa lifafr to 



la the present study, the aHgamcric state of native and 
reccinbmant NEMO purified Emm & ooU was mvesttated 
leodlos Co Oie MBitifleatfaa of a domain responsible to ita 



tnnes Emm 03 to 8.1 xngftal 

oelfag a o cifi t ffyi aa a tracer. A variety of DJodnnulcal loathodB 
ahewed that moat of rNEMO Is In a w<wmiMi< ft atate. This 
demonstration mainly xellea on n HaaoaBtri fhflatfan eaperi- 
menta, Tie data deduced from the sedimentation velocity were 
tert^tejp^tediMdng a ttsro^epedBB model which Identified 

rNEMO protein pre^^^'IbB^to^Zd^^^m^^ 
for gpedeg M» rfflldal en flcowp. g^^r^^ coefficient of 
W 8 and a diffusion coefficient of 10.9 KT T cm%. Xhia very 
large dtfftislen ooeflSrient reflected an aa ntKhrtwa with a 
heavier apecieo whose preaenre wag confirm prt hy tho «nrwfl<fr- 
rlum aedhngntatton tapcriXttxarta. MenpmariB rNEMO diaplaya 
an aberrant retarded elation in gel permeation. This auggeata 
t&at the molecular mass of Oh IRK oonmlex previously deter- 
mined by gel fiitroiimi ("*700-«9QO kDa) waa orgreatimatod (14, 
20, 48). This very high aberrant Stoke© radios of the rNEMO 
t noffflra r (73 A) along with the poor resolution of the gel 
flhnrtinw made St impossible to separate the free arm of 
rNEMO from that bound to DnaK. It should ho noted that, in 
j gmernl, the early elation of a protein from a gel permeation 
column is either due to a denatured atata, to a very elongated 
shape, or to a prntehiAleter^enl arieftflar structure. However, 
oar data from velocity and equilibrium sedimmtotum experi- 
menta demonstrate that rfcEMO nummuerhehnvea a* a glob- 
ular protein, In addition the fer4JV CD spectrum of rNEMO aa 
well ao the utternctioa aaaay with KKahowf^thJaxanneaier 
la In a native state, ft ana appears that Interference xofth the 
*~i comhlned with the presence of acme detergent male- 
1 to rNEMO la th« eanas fhr the aberrant elation of 



Tbe preaenoe of a DnnK-rKEMO eompScK wsa best seen in 
ajniHhrlum aedhtumtatiun (Fig, 6) showing thnfc rNEMO can 
arm a high moleeaUr weight complex (360 fcDa) with DnaK 
ooint)Khing 9 calagnlea of each protein. Neither ftee DnaK 
which eseJota la a taansmer^bmer4rimer equilibrium (44), nor 
a DnaK-rNEMO eompZea witti a stolchiametry of tl eeuld he 
detected. Thia waa pmbamy doe to the preaence of a molar 
exoesa of rNEMO fn all ejzpolmflBta and to the high pronexmUy 
of me DnaK^SHMO cumpiex to self-asseinhle at the aaaoea r 
tretioa used (OJUl^S mg^olX Becauae wa ahoved &at DnaK 
hrnda to NEMO in a stoichiometric ratio of 1:1 (see Kg. 2o^ &e 
DaaK-rNEMO complaxia Hamy formed vrattxetoinmrumUon of 
rNEMO. Thua, the faction of rNSMD honnd to DnaK may 
represent an eaBemHy intermediate of zKEHO in & ooli. It is 
mrnally thought that DnaK rpongnlgr^ wfth hi^ affinity pjt>- 
temaemjoafaiglQcaJfralkorth 



tore fluch aa loons (46, 460- Wo ahowed that the C-terminal 
famnent cf rNEMO aha hrnda to DaaB; although it waa cor* 
rcctty fbldad £brmmg a Qtalfe trimerm omhseVenU (data sot 
sfamrnX We hynothggjga that ^rrm^rtrm with PnaKmnM 
occur with to monomer of the 4 
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~* mSm£ JtSSSS^SSi *** ^%* iv f Mo ? °* *J» «™ oompta* anon • change of NEMO oQgnmeifiutt oa. The N-tanmna) domain 

U*» f # « sn^ aisach and tha 2^9 finger WW motife are shown, la tuxusZlffitilflttd cells NEMO may fins a dtraer through iti CCS eonedcml motif 
tetdtag to* auhlB toactffe IKKeemptex. Upon HtWbtrfno trttaerfaatlcB ofKEMO may occur throMh Its CCS tfsmain pnTidiag- a mcncmc tfc LZ 
aaitaate to a cpccific httCfO+aaaamhm with an npftTCCffl itttiottt ccnwialag a ■peaflc eqaplcm cfltei r IE (Mbca oica). the ZF magi mar pitq 
aaoantod action with the NEMO £2 to £bnn a SjKeifie setcrator binding iamafn. Tfeif ctfgomcrixfitBJa switch of NfiMO wcnW indoco a 

rn^rfe assembly of NEMO ia Kkaly governed by tho CC2 celled- 
enfl motif and not by to LZ motift the latter being prohabfr 
rather involved in a spedfio hntero-oasoeiation, The expression 
of NEMO lacking only the CC2 domain dees net restate the 
KF-«B activation In NEMOdeSdent 1.3E2 cells after tipopo- 
lyanorihnride stbnalatJan, 3 indicating that Che trimerisstian is 
crucial ibr activation of IKK complex. Furthermore, the CCS 
domain fa a key element for NEMO trfolagiealftacttatecsoBO 
a paint mutation Ala-»€Hy oHthtn Una dean aln leada to BBM D 
oynditsna (17X 

Tig. 10 shows a model for the regulation of NEMO function 
upon its aligamarizattett, In yn r^ M, the NEMO LZ forma 
neterodlmcra with upstream activators c am a p unaiog either to 
viral proteins (53) or to signaling piotoina belonging, to the 
faterienMtt"M^apo|3fBeaena^ e or TOP pathways, fox esanv 
ple the j^oBjrtnr^ntereeUng protein involved in the r e apen ae to 
TNF-oi We propose that die eaacc iation o f NEMO wifii these 
upst ream regDlatary components triggers the activation of the 
lKKtowpfegby a CQnfonnstfoasl change via its trinisrisation. 
The fonnatian of n tonoolmer fl uuug jn the lendne ripper 
vmaM flam nrnrant Ala afflU»t»Kim. Thro, dMfa—fc ntfemimfo 
stales of NEMO (o^ar ag) shown in this stiidy may ccrrea pond 
to Inactive or active stataa of the IKK """p^pa; respec tive ly. 
Ksperfmanta attempting to correlate the dimer OCT trlraer oii- 
gomariaatum afNEMO w3h the inactive or active state of IKK 
are in ] 



) at least two oaQad-oofla mcilfe with a Boitehle hydro* 
pnehto cKbefieal Cnterfece. Indeed, the motif EEAX.VAKJQE (po- 
fJttua 263-371) compoainn the CC2 coiled-ooflwfla predicted to 
be a !>aa&-bimiing aite with a very high score H7>. The ques- 
tion than arises why tie rNKMO behaves mainly o# a man*- 
mar, whereas the endogenous fenn in asaodatmn wifh ite IKK 
p&rfcnere ia in equilibrium between a dimer and a fcrimer. Our 
aypothesBtBtiatttiaiBteBactm^ 

N-taimtnaJ domain of tKE&iO have a coupling efieet In its 
self-aaaenihly which ia Impaired hi the abaenco of fila lnt»r«- 
fcian. CcnaiBtant with this hypothesis, the C-ierminal fragment 
of NEMO delved of the IKK hindmg domain mnna a stable 
tumeric eaOodVoofl structure that was aignificantty- otaWUzcd 
ttpan oligOTiTPTVsntion an ahown hy CD (pee Fig* 8b\ 

Wa demonstrate an association of MEMO wife the human 
protein HspTO hmnologooa to DnaK. Previona work (48, 49} 
ahowed a role far eukaryutia HapTO and BapdQ In the confer- 
mathmal mataraHon of signal transdnctian moleenlea, and re* 
cenUy, the requirements of Bap70 and BspSO protems in the 
HF-kB actfvittea of Hpepojyaaoduttida^nAaoad oella were re- 
ported (50, fil). It Is IQaslly that HspTO alone or in aaaodanon 
with Sbp90 ia involved In maintaining the "^vrvr iis msta- 
stahls KEMO in a state competent to hind to IKKkz or IKK0 
knusea. ^ue aseodatian may fo«iK»i*fri the esnect oUgnmenn 
aaBemhfr of NEMO throu^ atalnlisBtion of its N<tesmtnal 
domain. Our data also enggest that NEMO is mare aenaitfve to 
proteolytic degradation in khe ohseneo of thw mteradian. We 
prcpoie flint HapTO and Bsp90 protema mgypay aaayrolein 
oantrolhng the tdoloaieal activity of NEMO and thereby in the 
aatftreHoa of MF-A 

Even tbou^j there is Etrong genetic evidence that NEMO ia 
essential fhr the activntian of the IKK complex, the motecul ar 
methanlam 1y «WA tt nctSvntee ^KK Mnm ia poffrly 
stood ft has been proposed that MEMO activates the IKK 
compter tar reernlttog it bit recepfair, hnt Am ^ 
feee&Uy Questioned by reaulta crowing fimt tlm IFJK eoninlax 
was stfll reuulted to tamer neerosia tetar Bl m response to 
INF in NEMO<2efic£ent celb OH). Do contrast the reeutta by 
cthazs (19-313 indicate Qmt to dBam&erta&Boa of KEMO 
taayeabeymlein the activation of IEKldnase*.33»fciodMm> 
zeal charecterientmn of the purified C-termmaJ ftngpieflt of 
NEMO shown in fine paper eagmste that it ia baaed oa a 
oa3ed<cdl Mmar rather fiian on cofleoVeall dimera The C- 

tewnift^l Aammn Anntmhtm twtfi tm wy^if -yp^fl hpmvn to fHrm 

static hmmv or neterodhnera, and a CCS ceaed-ccu motif, 
which ia crodzcted to ten a cmkd"<na teimer. Item, the tri- 



Jtetaaaift aftPBart i W o than* J. ft Waller Car crtttcaltwrto» of thifl 
mamuicflpt, M. Goldhnsj fir expert adriec In Ota nhraoMtrtfUeatlaa 
CJtfciflmcoM. cod Alaia Chaftnte Cg adrtog tc qp cttaamcctflntfl. W» 
»re lo i c b tc d » Roland NB^ectte to perfimnin^ the *cVoe£ty c^diowi- 



A rM trtHtnm — Whfla tfcfa pspcr was behlg revteed, the rate of the 

HigpflO ill flm iwwm iqy oTKHM-Q tf» lUff f^.i !fW reported 
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Essential for NF-kB Activation 
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Summary 

Wo havecharactcriaed a Rat csfkHar variant of HTtv-1 
Tax-tranafbrmcd rat rmroolasts, SR, vNoh Is orvo- 
sponsfre to aQ tested NF*kB sctrrattag nimi* and wo 
report hem its genet* complementatisn. The reccv. 
^^H5i m ? , L cDWA » «o «ta protein, 

MEMO essential Modulator), which Domains 

a putative teucFno zipper motif. This protein is absent 
froraSRceto, is pan of the h*jhrm4rrctrtar weight bcB 
ttnao compter and is required for ha formation. rj| 
Vrtro, NEMO can hoirtoolrneru& and dfrectfy interacts 
gy w* The NEMO cDMA was also able to eomple* 
mam another NF^B-unrafiponswe ceo fine, UEt, In 
Wfwntho protein is atooabsem, allowing us tn demon* 
strate that this factor is required not only for Taa but 
atso for LPS, PMA, and IL.-1 stimulation of NFnB ac- 
thrfty. 



The RoI/MF-kB family of transcription lectors ptoya fm- 
P*2? m1e * awnunB ^ass responses, mMtam- 
matton, and In apo ptosis, regulating the expression of 
ruimerous cefcnar end viral genes Dor recent reviews, 
see Manna et eL. 1998; Baldwin. 1996; May end Ghosh. 
1888* TheNl^aethfflyls composed of hornmUmers or 
teterodlmere o* refcrted prmeins that shore a Conserved 
DMA-binding and dimeriiatlon domato called the Re! 
homology domain. In most ceO types, NF-*B is seques- 
tered in tha cytoplasm bound to Inhibitory proteins 
SmuO.'fr^Slng 3 "^ mm hcB "^j n J re ^ in8e 110 diverse 

•to ■bam eamaanatae etneftt be 9 
O ttpgep reafflftaraawgrfeuttdaygf) 
#PaiiinyninrtiStU3.tHs^xflafbrVSro>i 
Stogofci. Sakjeau Kyoto Sob, Jtpen. 



ectiveNF-*B is released and translocated tn the nucleus 
as a result of the proteolytic degradation of IkB proteins. 
Phosphorylation of IkBcc on Ser-32 and Ser-38 targets 
Che molecule for degradation by the ublquft2n-26S pro- 
teasome pathway. Whae tha processes leading to the 
degradation of the IkB proteins ere relatively weU under* 
stood, the mechanism by which a variety of distinct 
signate Initiated irom the ceil membrane are transduced 
to tftair common targets, the IkB proteins, remains to 
be elucidated. A protein kinase activity was identified 

1897), Most recently, two related kinases nave been 
cloned that contain a catalytic domain at the amino 
terminus and a leucine zipper (LZ) as weO as a heOx- 
loop-hefix WLH) rr^f at the oortoojry terminus (Wdonito 
et aK 1997; Uereuno et al„ 1997s Reorder et a)., 1897; 
WcwucxetaL, 1897; Zand! el aK, 1S97K Although both 
of them have been shown to be essentia] contributors 
to ma*lum}-medlated NF-kB actrVatioa understanding 
of the precise nature of tha IkB kinase activity and hs 
regulatory roachanJsms awaits runner investigation end 
identification of dm other subunfts of the Mnasa com- 
pfaa. Another important issue still unanswered is how 
discrete activation signals triggered by a variety of 
known stimulators are integrated to gtve rise to IkB Ki- 
nase activity. 

One attractive approach to such questions would be 
tha use of somatic cea genetics. Although the dlpfoldy 
of the mammalian genome presents a major hurdle to 
a genetic approach, succes sful euaftOstanent of reces- 
sive mutants has provided helpful Informations on a 
signaling pathway and a reliable way to fdamfjy retevant 
genefe) by complementation. Indeed, the Jam/a kinase 
tomay of tyrosine Mnases was Identified as esasnUai 
fifcral o^risducers rdr the Interferons through a ganetie 
approach (Veiaxquea et ai, 1992: OameD et at, 1984). 
Concerning the NF-uB signaling pathways, we have pre* 
vfeusly reported the characterization of a rma^nt of the 
murine pre-8 cea fine 70W3, 1.SE2, winch had been 
isolated by selecting cells unable to express sumtce 
IgM mttowlng BpepciYsa*reharldo stirmdation (CcurtoSs 
et at, 1997). We have proposed lhat the 1 .SE2 ceO Una 
was daflciem in a step that Is required by several diner- 
em stfmufi to activate NF-kB. 

In this report, wo present another mutant cat) One, 
SR, ortglnayy isolatod as a ceCufer (tet variant of RaM 
fibroblasts trensmrmed by the Tax protein of human T 
cefl leukamla virus type 1 (HTLV-U Taa Is known to 
activate transcription from the HTLV-i Cong terminal re- 
peat, m cause permanent activation of many cellular 
trarocripilfln factors trending NF-kB. and to give rise 
to ceilufar transrormafion (Tor a review, see Yoshida et 
at^ 199S). SR cefls cany a recetsrVe eefiuiar mutauon 
that eboQshes Tex-mduced constautTw? NF-xB activity, 
therefnro providing a potential means of ioentdytng a 
crfcteatrantecuJe involved EnTax-medoted NF-kB estiva- 
fkm. tmerostingh/, sr cells were round to be resistant 
to multiple NP-kB activating stlmuD basidas Tax, sug> 
gastlng diey carried e mutaiton at a cowemfcg regulfi. 
tory step, We cecmed to use si ceDt tor a genetic 
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(Ai nay ntfcrogisinx el whaie-cdl extracts 
dated from vttKypa Rtf-I cafla dim 11 
ite na-tran5ftrmad done UJ1 0-9 (ftno a), 
the 01 Batrratft* (tin* 8), and g pad of 
hybne* women 5*J**J ********* 
dona bearing on USSSftKBd Umiunijpeto rt» 
■Wxnce gene Bane 0 m» enatytfi* bj Im- 
cnurnfaio^ig using anU-Tai mftb Mira. 
CB) Fhe wtaoyarn* ofnuctoer exceed de- 
rived fn*} mo same tote Cm farftettod above 
mo ttnn)«n utaSyzod by bsftdsMkvesxj 
u£q ex» itB site de/fceri from thQ H-8 K* 
prroxer as b praea mo MF-*a cxynpfca Ss 
laflcstod oy a square daantheitore, iC sad 
O) Rat-1 w 5R edb were cwransfecred wtoi 
fltfSpgoT HTLV-1 LTP>tocfftf3€0 (Q Or 
tudtamse^sndl *ft,Of e*w anph *ectr» 
(B arTa orralo c*prsssioo%ec«nra. luster, 
no astfrtni was measued crter O nr. Fdd 
tatucdonovw basal tewl Is shown. 
fl9Rtt»f wSReelg CtatnoTWt&tfWBWOoaJ- 
ttRdHAnRsM ccCscBTTjtnganlrto^tBd 
tea-fcidtersse pbsmkl, treated wtth (+1 or 
vranotx(-)SO% peg fori mfeiryl harveaod 
11 hr tettr. EqolHflMtt amount of prnbsia ex- 
fract was laod lor tfw WBJWesa assay. 



complementation approach for the roflowtng reasons. 
Firs* os the screen wo decided to use was based on 
the NF-KB-dfipendem expression of a drug resistance 
gene, the presence of Tax would ensure restoration of 
a pennsfteftt high NF-xB activity fo [towing complemen- 
tation. Second, Rat-l-derrved cells grow wefi In the 
presence cf ahrgh mf-kB ectfeiy. Third, aft oeua are 
expected to show a transformed phenotype following 
ctomple m &ttt e t io n, Here, wo describe the genetic cara- 
ptememsthm of 8R cells by Infection wbh 6 COMA ex- 
pression library darted into a retroviral vector, demon- 
strate that expression of the ctoned gene, nemo, also 
complements the defect in the tJE8 ceD fine, and show 
that NEMO is part or the high molecular weight DtK 
complex and la recused for Ba fonnsuom 



Crmotortxetlon of the Mutant COB UnaSR 
Spontaneous net revertant ceBs were isolated from 
M310-6 ecus, a dene of Rat-1 raroblasts transformed 
by a mutant Tex protein competent to activate NF-xB 
but unable to sOmuiate HTLV-1 long terminal repeat 
(ITRMDrected transcriptten (Yamnoke- et a).. 198EJ. Ail 
or them except one fctone sr) had lost Tax expresEton 
(data not shown). 5R cells express Tax at a level compa- 
red wtih the paremai cefls (Figure i A. lane S) but ere 
dafectfvo In Tax-bduccd NF-xB DMA binding activity 
(Figure IB, lane $), Stable expression of wOd-type Tax 
fatted to retrorafonn BR ceDs, whQe tensed expression 
or ccnstiiuUvely actfve c-Hq-Rss or v-Src protc5n tmn^ 
rermed 5R eefla as cffxrtenCj as the parental Rat-1 cells 
(flxtfl not ehown). Transient eipJTsslon cf ufld-type Tax 
futty aatvated LTR-dlrected, but not WF-xfl- 

dBpendent transcription bi AR cefia (Figures 1C and 
ID). On the other hand, transient expression of RaJA 
or activated c-Ha-Ras strongry sdmtrteted NFhcB- or 



serum-responsrve elefnentr^ep^ ent transcrtptloa re- 
spectively, in 9R as weB bb m Rat-n cells (FTgure 1 0 and 
data not shown). These results suggest that 5R eeka 
cany a mutatkmts) that abrogates Tax-mediated NF-xB 



We next analyzed the phenotype of the mutation by 
soreatio oefl ttjt^dttation. Since 5ft cells express Tax, 
they are expected to restore Tax-Induced NF-*B actlvby 
after hybridization with parental cans if the mutation 
Is receashre, KybrWlzeuon of SR ceils with Rat-1 ceus 
carrying en Inteflrated KF-KB-dependent reporter gene 
induced a strong irarweifptionel ectivay when compared 
wOh VtO C omrat hybrfdlzatton (Figure 1 E). Ws nta o &stab- 
rjshed a pooled population or stable hybrids between 
SR end Rat-1 celb end found thai they exttfbfted o trans- 
formed pJienotype fjlatafrtshowrnandcontautedl^ 
NF-K& DMA binding octivrty (Figum IB* lane 41* Thesa 
results mcOcatB that the phenotype of the mutaoon In 
5R cells ^recessive ana therefere should be amanattB 
to oenetio eomptantentattan. 

Rat-1 celb normally activate NF-«B In response to 
diverse external sttmuO, Including tumor necroslB factor 
o (TNFoJ, fnterteuWrvl OH), lipoptitysaccriartde (LPS), 
or double-stranded W1A (dsRNA). Interestingly, none of 
these sternal was able to induce NF-xS 0NA biftflTne 
ecbVfty fn ffR cells (Figure 2A). This result was further 
confirmed by tr ans i ent transfection with an NF-xS- 
dependem reporter gene (Figure 2D). To Wanflry tha 
step ei which UF-*3 signoUng affected, we excmlned 
the levers of txB proteins fr> cefis stunulated with LPS. 
ASShownmFfgure2C t I.P3 stfrnuJatkmledtoeeonviete 
tosaofbea»endotUB&fenRai-l ceCs fO&wred by reap- 
pearance of IkBo 60 mtn efter stenutfibon, tit comraat, 
the levela of the two f«B proteins fn BR cete were virtually 
unaffected by LPS treajuiteitL Taken together, we can 
concbtdo that fiR ceDs cany a reoesshre mutatiants) at 
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a converging regulatory step leading » toduefhta degra- 
dation Of htB proteins. Finally, we addressed the poasW 
bSty that 6R ceDs might be detective Hi one of the hino- 
tinnaJ UB kinases. Stable transection of 5H cells wMi 
ptasralds encoding either IKK-i of IKK-2dld not restore 
NF-kB acthrfry (data not shown). 

Molecular Cloning of MEMO 
For complementation expertmcma, we first estaofished 
a selection system by preparing eubEnes of BR ceBs 
casahta of expressing en MFuByd e pcndem Incucibte 
drug restotBrtcegene. * cflndatotfllAt^rcwaaneagena, 
p*82bS!H coram* btrth a rr/grorrryckn resistance gene 
under ttecorarelof theMSVl th^nildlnefcaiaae gene pro- 
moter and the blasticWin deaminase gene (tzuml « at, 
1591) diked to a minima] (L-2 promoter roflrjotrfng three 
repecti of the immunoglobulin * rjght chain NF««fl- 
bmd&tg she. Stable trajisfection of the parental Tax 
transformed ee» WKn this construct using hyBromycai 
eetectkm followed try aeteetto with btestickto S re- 
sulted to numerous tvrvMng colonies, whereas none 
could be observed tor fift ceB». Hye^nwcSn^esislam 
Sft clonea were tested for survival tn the presence of 
btastlddtn S following simple eocuhure or hybridization 
w&h normal RaM cells. One of the SR clones, h12, wafl 
chosen at random fOr further espertraeras oa be*ng able 
to survive a Mgh dose of Mastfcidm S selection after 
the hytmdfeaitan but srmwlngahsalutefy no survhml at 
8to»eci!&enuatbmotttednm^ 

step. A high PJF-kB DMA binding ecthfry was detected 
tn stable hi Z/Rat-1 hybrids, o roiuft of activation by To* 



following complementation of the defect of h12 Ofifla 
(data not shown). 

Approstmatery SO x 10* M2 eefla were infected with 
retroviruses carrying a cDNA expression Ebrary derfoed 
from the T2fl murine T oef hytrtdoma eeO ine (white* 
head el al, 1&S5). Veal supernatants were produced by 
trensfom transection Of Phoenbt cells with the retroviral 
construct* pJMng ttere m the range of 2 k W to 1 1* 
lOVtm. Setecttcn with btestfcldin S was started 86 hf 
after viral mrectlnn. m 20-90 days, a total of more than 
40 independent clones was obtained, and 20 were 
tested fOT their NP-ttB OKA binding aetMry. All clones 
except one contained Wgh levels of D*IA binding activity 
and ctearty showed a transformed ph&notype (Figure 
4B, lanes Potymerese chain reaction-mediated 
ampBflcetion of genomic DMAs from seven clones n> 
suited tn a pfavtrua-derVed spectfte band with a t£e of 
%Z Kb. white 33 other clones carried & 2.8 hb Insert* 
Southern blot enfilysis oftha 3.2 kb Jnsen showed cross- 
hyhrU2cationwBhthe2jB ttfra^mem-Seouanc^anal- 
ysls of ttaamptttted 2M to cONA showed that a con- 
tamed an open reading frame predicted to encode a 
previously unknown 48 kDa polypeptide, which we have 
named NEMO (NF-kB Essential ifiOdutator) (Figure a> 
This nttrfecufe is acidic (pi $.S8) and unusualry rich In 
otirtarrdc add and gtutaralne (13% each). In eddluon, (t 
contains a putaftre leucine *^per raotf (amtno acids 
315-14S). To cfiaracteriza ha funotten, we first Dsns* 
rected RaM or 5R ceBs with a mamm alian ex pression 
vector capable of expressing NEMO. Cotransfeotien of 
6R ceOs wbh a very small amount of NEMO and a n 
NF-«B-dependant reporter gene resulted In a strong 
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reporter gene ecttvation by endogenous Tax, whereas 
its OVerexpresslon In Rflt-1 ceDa barely activated the 
reporter construct figure We then established 
Ret-n or5R cells stably expresaingNEMQ. Asexpected, 
stable «preasien or NEMO Binder lb© control of the 
strong CMV promoter) In wild-type Rat-1 eeBs did not 
^foe rtsQ to detectable MF-uO ettfetty tF^urc 4B. tea 
2). On the ether hand, wo pooled populations derived 
from NEMO-transformed 5R ceDa and two Kofeted 
donas showed ttlghkwebof NF-kB ONAblrdfog activity 



fjanes 7-10), tndteniLno, that stable NEMO expression 
can complement ens defect In SR cells. 

A polyclonal erosnody was raised against the region 
encompassing amino acids BO-329 of NEMO and used 
to analyze to expression tn 5R cette. Whereas theprotein 
could bo readily defected oa a single 48 kDa bend tn 
Rati' cytoplasmic extracts (Figure 4C), no NEMO band 
could be observed in SRcefl* In addition, we were not 
able to detect any truncated form of the protein. Thus, 
the defective ptenotype of 8R cells results from the 
absence of ths NEMO protein, 



an of ttwttSBl Mutant 
CeS line by NEMO 

We have recently reported the characterization of en- 
other mutant eel law, the 70Zy3-dertved mutant 1.SE2, 
that exhibits a defect tn NF-kB activation (Courtol* at 
at. tn this ceO One NF-kB la not activated m re- 
sponse to a largo set of stimuli, among them LPS, IL-1 1 
PMA. tfsRNA, or TNF, This Is due to a lack of IrBo, I*bb, 
and UB« degradation. Since phosphorylation of UBa on 
fier-32 and Ser-3B la not observed after stimulation 
we proposed that a converging step preceding die UB 
ptwsptorybnhm step or ths phoaphoitfa**** step ttaeff 
was deficient 01 1.SE2. 

Since the 14E2 pnenotype sharea many slmnaitflea 
with the 5R phanotype, we tested whether NEMO could 
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ccmpfemem 1 .3t2. stritdngty. as shown in Figure 5A, 
transient transaction of 1 .3E2 wfth b vector expressing 
NEMO Allowed the recovwyar a wW-^peNF-KB actua- 
tion level ate LPS stimulation. Such an effect was 
clearly stimulus- specmc. tacRcatinfl that NEMO ovena- 
prg»stonbyftsel5wasunabteioecrlvamfUF-KB.Compte- 
mention was also observed m the case of two ether 
nbmfirU.-1 end PMA. aRhougJi «Ah less etflcteney In 
the tetter case (data not shown). 

1.3E2 celts stably expressing NEMO P.3F2N3 %ve» 
also piepaied end tested for compfememaUon, A mobil- 
ity shift eK p e rtm e n t presented In Figure SB confirmed 
the results of the transient transfection experiments de- 
scribed above. NF-kB scUvaHon bi response to LPS, 
il-i, or PMA whs found to be sinfiorfli wHtf-typ© 702/3 
and 1.SE2feMoreover. an ImmumihtotenBJysis revealed 
that NEMO b undetectable in 1.3E2 cefis (Rgura SCJ. 
These results demensbata that, as lor fiR cells, the phe- 
notype ofthe 1-3E2 mutant ceflQno is due to the absence 
Of MEMO. 



NEMO te Pan oi the UB Kfetaao Comptes 
Since NEMO eppeara to be ciftfceJry involvad m NF-*B 
activation by a large set of sUmuC and complements 
celbdefecthremlKBprKKpriefytetf^ 
stbfflty wouM be that It constitutes a suhimft ofthe OOO- 
£00 kDa kina so complex thit phosphoc/aiea US. There- 
Core, we investigated whether NEMO (s associated wtm ' 
the (ndueible fcfl kinase aetfr&y (Figure 6). To demon- 
strate this pntns, we canted out Immune complex kinase 
assays on RgM or SR cells. The endsemm against 
NEMO onnmnoprec(0»ated Q cp^rfic endogenous (kBo 
kinase actMty from wftHype ceOs stxmdUrted wuh 



TNFo. Absence of kinase activity to NEMO im«uncprc- 
donates Bom 5R cells and tack of phosphorylation of 
a mutant kBo polypeptide (SSZA* S38A) established the 
apBc8Tcfty cf dte antisenjm and kinase ectMry, respeo- 
lively. Thus, NEMO Is associated with an mducfltfe en- 
dofienouB ixBa kinase activity. As reported previously, 
an antMKK-1 antibody brought down o specTRe UBa 
kinase BCQVbyfhamvBad-type cettsstbeulatBdwntiTNFa 
for S min. imerestfngty. no inducible UBa kinase activity 
was observed in 1KR-1 practnSata&fromSReeaextmcts. 

To confirm that NEMO b an Integral pan off the t*fi 
ftit&se compks and to determine whether a ia stahJy 
associated wfthkbef ore stimulation, 5100 estracts were 
prepared from Rat-1 cans and fractionated cn e Su- 
perose 6 gel eirauon column. EXrticn oi the UB ktna**i 
monitored wah an antMKK-1 antibody, was mostly ob- 
served tn fractions containing protams of 600-800 KDa, 
as previously reported (Figure 7 A). When we looked for 
NEMO elutton, an identical profHe was Obtained, bnrm> 
r»precIt8tion of xhe NEMO-centalning fractions wah an 
ariti-NEMO anfibody alowed us toooinmumjpreclpftete 
nOCt (Hgum 761. NEMO H theretom a stabte compo- 
nent of the 600-800 kDa UB kinase cample*. 

Quite remarkably, when 5R extracts were anafyzod 
with the IXK.1 antibody, the edition peak appeared 
Shited toward fractions containing proems of 200-450 
kSa instead of 600-800 Wte (Figure 7A). saicetheoveraO 
etution profOa as checked ehher by sflver sifltotng (T^- 
ure 7 A, toppaneO or by Western blotting against RetA 
(Figure 7 A, tmnom paneO or pi OS tdata not shown), 
was identical between Rat-1 and iR, this observation 
demonstrated the recuirement of NEMO for bufleflng e 
fugh motecuJar era^ht UB kinase complex. Moreover, 
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the absence of I kB Unas* actfvtry In 5 Rcefls after stimu- 
lation (sco above) tndfeatea that the tower molecular 
i ts refractory to aetSvation. 



MEMO Oa» Form I 

The presence of a leucine rfrraer-Gks motif in NEMO 
ted us to ask whether this motecute oouM tiimertzc. 
Gtutaratdehyde cross- Onxing experiments (Figure 7Q 
demonstrated that MEMO was indeed able to form ho~ 
rnodiraers, The possible rale of the leucine xfppertlke 
region in this dfmertzatton Is cunentfy under Invests 
gauon. 

Since NEMO ts pan of the IkB kinase complex, we 
eiao looked far direct Interactions wkh known com- 
poriEma of the complex, narnety the two cetalytio sub. 
units fKK-1 and IKK-2. We earned out an m vftro anary- 
sts using "3-labeIed proteins translated In wheat germ 
extracts (WCE), After coiramrfarJon of VSV-IKK-2 end 
NEMO raSowed by and-VSV ImunoprectpttfltJon, We 
readily detected NEMO intheDttmimoprec^ntate (Figure 
7D). The converse experiment, using NEMO ptusVSV- 
IKK-2 and tmimoiepreeiptoting with artf-NEMO allowed 
the detection of VSV-IKK-2 in the Immunopreeipttate 
(data not shewn), Interestingly, su eh an krteroetion eouW 
barely be observed with IKK-T, suggesting a potential 
nmctlartal divergence between the two (KKa (data not 
shown). 

Discussion 

The recent description of a high mofecuhr weight cyto- 
plasmic complex able to phosphorytoe f*fe» on Ser- 
92 and Ser-Sa (Chen et aU 1988: Lee et aL. 1987) has 
prompted Intense studies, which culminated e few 
months ago with the dotting of two kinases, named 
IKK-1 and IKK-2, or I KKa and itfJCp GXdonatoet at, i s 97; 
Memurto et el, 1987; RegnieretcL, 1397: Woreniczet 
eh, 1897; Zandiet aL 1897). Two approaches were used 
to thfa end,' one involved btechemicai purfficatxin from 
a cytoplasmic extract derived from TNF-treated HeLa 
cefls (Dldonato et el, 1887; Mercurto et at. 1897: Zandl 
et at, 1 B97K whBe the ether used a two-hybrid screen 



using as a bait NIK, a protein kinase previously shown to 
be Involved inTNF- find ILO-inducsdNF-itB activation 
(Reorder et aL, 1897; Woronlcz et at, 1887). The cloned 
kinases were postulated to directly phosphoryfata Ser- 
32 and Ser-36 of IkBcp, although this has not been for* 
raaHy deftionstrated, The reason wr this uncertamty Is 
mat an kinase assays reported sotar rely on bttmunopre- 
elp&affion of transfeeted or m vitro translated IKK, thw 
fore leaving open the poasfljI% that the "true 0 1x0 W- 
nase is eopreeipfcated together with IKK and the rest of 
the high molecular weight complex. tmmunopreclptta- 
don of one kinase from extracts of oeOs vansfetted 
Wfththe two kinases results fn the coprecJptatkmofthe 
second kinase, and a more detailed study hat demon- 
strated that heteroassocfauon was favored over homo- 
association. Tha sequence of IKK-1 and IKK-2 has re- 
vealed two interesting features; a feucme zipper and a 
HLH nemr. Deletion of the 12 in one of the kinases 
results (nine abrogation of cosrimunopreclprtaiton with 
either kseff or the other kinase and a strong reduction 
fn the resuf&ng kinase activity. However, it is unclear 
whether the LZ mottf ra required for direct interaction 
betw een tha kinase subunte or b a»e en the kmaaafa) 
end some other component of the complex. Deletion of 
the HLH motif leaves the colmmunaprecfprtarion of the 
two kinases tntaot but It strongly reduce* the resulting 
kinase activity, tn the assays used In the above men- 
tioned papers, transfeeted IKK-2 seems to exhibit a 
strongs teaxal kinase act^ 

QSercurfei et al, 1897; Zandl et et, 7997). Zand! et at 
(1897) also ooserved that cotranslatfen of the two ki- 
nases tn wheat gerni extracts resulted (n no bcB kinase 
ectft/tty, aug nesting that either eosttransurtional modlfl- 
eations or eddftJonaJ eompensnts of the complex (or 
both) are required. We also observed that cotrensiation 
of the two kinases In wheat germ extracts precluded 
their association p.T. W.. uneuaHshed data). One possl* 
b2]ty b that the kinas e eubumts nrcd to be tncorporzxed 
Into the EOO-600 kOa complex tn order to he fully ecUve 
and that some critical components of the complex ere 
absent tn wheat germ extracts, tn any case, all these 
data omphasfce the tmpcrtanco of Wemitytng additional 
oomponema of tha t 
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RgUfteT. NEMO « Suburb of the b& Kkraso Complex 

{A^IRlratiw OAHlysb of MEMO araS i*B kUrne cartel In Rat-I arri M3 o*Hl S10D atr*cts. ¥wero pnjproJ OS de$CT£ed in EKpOrtnK«tti 
*OCedmfiI*tme^^ 

at WMO, Analysis Of HF-A&ftMB elalmv idng an anJ-nXA oniibody, fa a£sa Ehnm. To damnsxratB BcraicsS eknton cf Rm-1 andER enrols, 
iho froteki prafito rrom esch fraction was anstyzod tjy Biter s2s1n*ig Cuppf* pane$- 

gated «dtt art* ^EMOiwi Brouab a 7^SD34^tgmml9i ^&unUDOUott9dw»ismHKK*1. 

ffi!!^?.??"? h ^ lotfcaCTa - HEMQ prcfcin ws m vtro syittiestzsd In wheal germ extract indtrwtadwtfi the ineticafcd pcireenrrattona 
of ^aareu&nyee. TT»re*dior»ttRKi Qnaunepnc^p«nod Mm REIKI enteral enf analyzed on • 0% SDS-poipxzyfeiiikte gel The paatttonB 
of Vie NEMO raonoracrend NEMO diner ON E**Jtt«ro LWfjcatat Ux. to vitro trsisatod prefect 

,«Mli^(rera«^ fc ewwro MBMP ^ Wt-a Unrigged KEMO Ctenr iX VSV-fKK-z (m^v Mi motocufeft feme S) ware fn WTO 
. — liter * •-' — - * - - - - 



One approach aimed at {demising cow ponema of the 
NF-kB signaling pathway that nas not been widely used 
60 Car Is to generate mutant ccfl lines which are unre- 
sponsive to one or several NF«*B activating signals and 
to try and cum pigment these cell lines with genomic or 
cDNA Bbrarte* [Tmg et at, IMS). Wa have used hare a 
soontansovs mutant failed fifi) of a MTLV-1 trans- 
teme d Ran fnuobbutle can Una. whkfi had tost its 
transformed morphology. This mutation was accompa- 
nied by disappearance or Tax4nducad NF-kB actfvay, 
as measured by hand shift end transacUvatlon assays, 
In addition, LP&> U.-1-, dsRNA-. or TNF«ndU0ed NF- 
kB DNA binding activity could not be observed tn the 
5R ceD Una. However, other signaEng pathways seemed 
to be stO] functional tmportantlY. ceo fusion experiments 
demonstrated that the mutation was recessive. AH these 
observations prompted us to try to eompJemeratfite ceO 
Cne. The selection was based on tn tro d u u i on atto these 
ceOs, prior to comptementatkm. of a gene encoding re* 
sistanc© tn the anUbicilc Wastichim S dTJvcn by rmmi- 
raerlaed NP-K&-bInding sices. Omy the compfcmemcd 
cefls toauki be expected to become resent to blastkrt- 
db S treatment, e resuh of transactfvatkznof the blastSci- 
cin s resistance gene by endogenous Tax. More than 



40 independent blasttetdtn S-raststant clones ware Iso- 
lated, and bandshm analysis demonstrated the pres- 
ence of a pSa/relA complex In IS analyzed denes out 
of 2a wfth on intense s&rtitar to that observed foUowInc 
s ttmufatte n of wOd-typa Rax-1 ceOs wfth LPS or TNF. 
pcr empRfication of DNA (rem 40 independent clones 
using prtmera tocailsed tn the flanking regions of the 
retroviral vector yielded two crass-riytmdi^ng frag- 
ments of 2-0 and X2 kb. Sequencing cf the amplified 
cDNA revealed that the 2.Q Kb tnsert contains an opan 
leading frame encoding a previously undescrtbed «12 
ammo acid protein, which we call NEMO. TWs protein 
b eeJale (pi S^fl), unusually rich in glutamic add and 
ghitamine (13% each), and ebo comains e putative teu* 
cma tipper motif (amino adds S1S-&42). 

Trartsfection of NEMO complemented the mutation In 
5R ceSs. This led us to cenesjde that NEMO is necessary 
for acthrauon of NF-rB by Tax. However, the presence 
of endogenous Tex In the 5R eeH One precluded the 
analysis of NEMOmvotvamemh other NF-mB activation 
pathways. This problem was circumvented by the uso 
of 1.SS8, another mutant cbU One that we previously 
cfareetertted (ccurtcis et au 1997). nf-kB actfvatton, 
degradation of the three (mown IxB!rmIb*ors.asweaas 
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mduced phosphorylation of IkBo cuutd not be observed 
roBowing PMA, LPS, IL-1, or dsRNA treatment of this 
ceo One. We stably introduced the NEMO cONA (mo 
1.3E2 and observed that NF-nB acth/atron by « least 
three crthese stimuli (LPS, PMA. and IL-1) was restored. 
Therefore the NEMO protein la involved fn the response 
to at least tour NF-nB fiOtivaeDg stimuli 

An tmerestsng cortctusJon we can drew from compte- 
m&nistion of the 6R celta, which regain a tranoftormed 
phenorype when stabry trensfected with NEMO, is that 
NF-kB activity seems to be required tor oea transforma- 
tion by Tex (sx least tn this cell system). There have been 
conflicting data in the Bterature concemlng the actual 
bivottfement of NF-kB In Tax-induced transformation 
(Smith and Oreene, lODIs KftaJfenaetaL 1992; Yamaoka 
et oU 1 395), and the formal possibnfty exists that MEMO 
is involved in another sfgrtaEng pathway, beside that 
of NP-kB, which would be required for transformation. 
Clearly more work te needed to unambiguously answer 
this question. 

The next question co nc erned the actual function of 
NEMO. Since thla motecute appears to he Evolved in 
afl tested NF-kB aetfvsting pathways, an obvious possi- 
bility was that ft constltuxed one sub unit of the high 
molecular weight IkB kinase complex. We obtained 
three types of arguments in favor of this hypothesis. 
First Im tiro nopreclp nation of NEMO from Rat-1 eels 
putted down a bona fide htBa kinase activity, specSffc 
for the two N-termtnal serines. Second. NEMO eiiitss 
&1 a 600-800 kDa peak from a gel Hftrntlon column per- 
tormed on extracts from unstimulated Rat-1 cells, as 
does lKK-1. Third. trrrniurwprecJp&atlon of NEMO from 
Rat-1 fractions ranging from 600-800 kOa brtngs down 
IKK-1. 

We then tested the poxs&Sa tmeractlan of NEMO with 
the two catalytic summits of the complex, IKK-1 end 
IKK-2. tn vitro cotninsiation of IKK- 2 and NEMO in wheat 
germ extract foQowed by tremurrapreefp&atfen demon- 
strated that the two proteins could Interact w&h each 
other. In contrast, an Interaction between NEMO and 
IKK-i could barerj be detected under these conditions. 
We sJso de m o n st rate d that NEMO can form homo- 



The fact that NEMO Interacts w&h IKK-2 and appar- 
ently not whh IKK-1 Introduces en asymmetry between 
die two kinases. Tito respective functions of these two 
molecules, however, are still unclear; tn particular, the 
question of whether the two serines in the N-termtnal 
regions of the three inhibitors are ptiosphorytated by 
the same cirdlfffer^ kinases fscurremry unknown. Sfcnf- 
larty. the three Inhibitors might be phosphorytated by 
the same comptexes or by different ones. The issue of 
the actual function of NEMO tn the complexes wH) be 
addressed by a detailed molecular analysts of the IkB 
kinase complex tn BR and 1 .3E2 cells, as weB as by a 
mutsuo nal analysts of NEMO to Hewed byreimrco^ction 
cf the mutated motecutes bno &R or LIB eels. These 
points are currently under tnvesxkjodon. 

Another forfeiting question concerns the actual de- 
fects En 9R end 1.1H2 ceOs. tmraunoblot analysis Indi- 
cates that the NEMO protein is absent from both SR 
end 1JE2ceCa and that in GRceDs. whioh exnib&tro IKK- 
1-essoc!ated Uhase ectfvky, the Ngh motecutar weight 



complex does not seem to exist. Although uit&kefy, the 
formal posstbHZ^y exists that a complex which would not 
contain IKK-1 exists in these cells, hut in any caseoiey 
exhibit no Inducible phosphorylation of bt& Interest- 
tngry, IKK-1 con be detected tn a 300-450 kOa complex 
in SR ceOs, therefore Indicating that NEMO Is required 
for the formation of a GCO-soo kOa functions! IKK com- 
plex, and probefafy pteys a tote es s, structural compo- 
nent of ties complex. Fii/ther work will bo needed to 
determine which components of the functional corrtp lex 
(besides NEMO) are missing from this smaller nonfunc- 
tional complex and which components of the complex 
(besides IKK-3 directly Interact with NEMO. 

(t was unexpected that two independently isolated 
mutant eeD Ones could be cojtmremented by the same 
CONA. The selection for I PS- unresponsive derivatives 
of 702/1 yielded several types of mutant ceO lines, but 
only 1 .3E2 was also unresponsive to other NF-kB eett- 
votmg stimuli end the fact that tt grows faster than die 
wid-type 702/3 probably facilitated fts isolation, fn Tex- 
transformed Rat-1 cells, 6ft was the only NF- ^-defec- 
tive eefiukr revcrtant that could be isolated. This leads 
to the Intriguing possibility that mutating the nemo gene 
might be the only means of knocking out NF-kB activa- 
tion by a single gene mutation. Future Inaetlvatton exper- 
iments of the other components of the complex Cnclud- 
tng IKK-1 and IKK-i) wtt tell whether thb hypothesis Is 
correct end whether NEMO Is a relevant target for future 
drugs aimed at blocking NF-kB activation. 



the IttXA murfno po-O cell BN and die N FhiB unjeepeoBfeeffitABnt 
Ufl wtre m i attin e d at RPSJO wdXm soppkaranted wMl 10% 
fetal cas serum etaf SO ptfifl S-eneraptoeUvinaL 70*/fi and UE2 
cebierooansiersx/B^unioetsoaso 1S97)l 
tegteted Gt&bfc denes were p-T^*" as OsscffbOd (Wfatsside et 
si, 1S9SV RbM and ER cete ware grown It OMEoi susptemantsd 
wfth 1094 recti calf serum and tr«wfectad«^ ttecaX^pho*' 
pnttecoproctpcatiQO mstttod. For RXiBGurenieixsf luctf^raseeetltf- 
ttf fa (naeJuudy trensfected tt*t-1 or EH eels, appraainixtoty 8 V 
tycdbwe meo r etee dwkho^ age? o reporter cfcsmld, ass 
ugef EFI-tooZptsodd, eodl ti$ef eifoervDeter ©resetter piawfll 
Cets vera harvested 40-45 rr aRer transteaton. The amoDmcfrjf- 
fisO) toed for IueBwbso assay was Oatenntosd on the bads of 
B- gatoemsiqa ta ac&vny. Ttw resuxs choen ot rapresemiwa or 
ca a? turni lu urt can! ed cm tn«Suptete andavarag«L Eochsxpenv 
oteat sew repeated bxIbbbi deea OXiea. sAh staffer iwAdtSi 

Is wEroa Mndflftof G. Notan (Stanford 



ABlASTsearctiafGenBxDXvrnewmmun^-lcOHAcKSJQ^ 
revealed the breebcb of en est eseees eoeetfagtw o iSoeXi. IXJU 
V«et^ciX4A1»seXxtewase»8it]odo^ KGMP.md 



Qeary, PetiDwey tnddil&nsj otoaja were hadateri, and ocehcbaiids 
rfthalerfl Bflt ewertcati Bji e edi i aeoa^^ bend* 
nation oodtted fsaqyeitasa USB}. RtK-2 coofng aaquans ware 
empiHed by PCReod bsenedfcxo uocttm otst a^iowod die in vim 
aod t) yfivo eaarecsiDn of prntefta Aisad to fiao vsv npfto pe. Rot 
uot-1 vsaorrpmed by PCR &otn an EST clone and stftdortad into 
nw esme vector, ins pmasej ig««cxarase end stzE-tafisaaa 
hmw cesadesartbed prrviauity fBourWOel «U 1997k MTVV-1 LTR- 
Coctforase was e kind gst of P. Joxaet Oseeta Memele e^isataro 
delaord. 

ittt|jXflj^fc^abBrMoB BcenaaiB^ 
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5.1 Kb Hmaareaatfl fragment of cwpjastca canzU&Z-K&CFiertxj 
« ol. 1090, urtioh ccrtaha three tandem cantos of ds «F*B 
gg reaaaprttfo 

TCCGAG) leDowed by a nttid 11^2 prernotar. 

A Tw exnresafcxn vector, pCnta* wm constructed by raring a 
B3mHl fmgtnBni of aw ptasaxid pUCwcut (ramaaia fit at, 1996) 
flowfiiRtog cm ©nCro eodasj sequence of Tax to tfreurasea BamM 
fiteof pPMVWpft Bam teaser (pater a.oU tasfe 

AlAkfi PCRprac«JM«arM9ClRoin0efloreleOVAQf« ttbsddd&i 
S-resbttsnt SB dam ms obtained using primes* located fn the 

r pcnvi tmaatm* st a, ios& tki pcr procte 



tne> or m cte Xtad eaa of mo CMV-hyoro vector £tiitt$ft art? 
*• matron: Pesteur). Fiil omstniodon details ore svetsble on 




Recombinant WL-1& was nemBaajen (Geneva, Satxartand}. Ro- 
vfitflEiflanl TWFq was from Oanzytno. R b rs gfc hft i S w 
fawn tON. Absence of eixJotoxin ceef 
except LPS. was cheeked with a potyonpfciBi 




Rabbi antbannn against laBa i 

M. term flJCSO). Anti-USV was mouse m a n adOnO l P3B* Anthrax 
mmooMioonoclemlMrnUlMfotal, 19btjl eja^rUM anaeady 
waftoraSxite Out And NEMO tent* po*yrt*v5tunfotrtxn fesrum 

44ioe9wairateao98tni a Tree Bcsenef afragmor* 
amino aakfe 30-129 of merino NEMOtnlhe Pah11\ 
etal.1934). 



iw&hPBSand rotuspendodotlD'oeas/iQ^&i 
B0CAm|l0niMHMS^H94li tOmMKCL 2<nM MOO* 
1 (bM OTT. 0.1 «M EOTA supplemented atfh a proteass frmreBar 
eacftrea CBoBhrinQBy]). Altar 10 nil at *C HMB«asaaofeaiot% 
atd the cells oeaMbQod hi a rrdaeOjoe tor 20 s, Tl» &apomatani 
consammBttecyajpji tr r ^ 

t* UomwB OUffty conttlntig sre p^ r ^ r aj Uoeflam] wig added, 
end the sexnpta was bolted tor S tab. tha midesrpeto was briefly 
WMnodt^pypocartcbt tT or a r^^ 

bomrlBB mM Hma frH t.e% SO mM K6L ISO mM HflCLAImH 
EDTA.1 mM DTT. 0,1 mM PetSF. 109* gryoereO. Ate s 20 mbi 
Incubation wi tc*> wfln occaiajral agrtetkn*. tno W* «s pdkaod 
bTcnf^tfiryfanMi^anDfpmterlQmWTTw mipomjtim^nirrtijg!!?^ 
oio nuclear irsctkm, was recovered and cjujetyOoaanenoTy tea 




Rty mason eon wore waned at PBS and fosu»nded&i50Opl 
of 60 iriU TWO toH«& I mM EGTA. Cfefc ware rjsod by Ifflrnr 
passages dYougn a Zfrgaugo noetfja. After wrartragattoo (Or id 
mto at l WOO rent, cno eooomstam «v mecMnrod aed oom^ 
nTenredad* 1 mM OTT, 0025% Org 13, anda ©octal ofpratte&as 
and pnesphatuos imASors. 3100 woro prepared by wratfugjng 
lea cytopfasmic extracts for 39 c<n tt 52000 tpm ftj a TLA idols 

ojttny DBJOMi tn dry ore and stored m Gmrid orea^BikGdfDoalkB 
crreaBtoDTapny reaa canted on en a SBparosa I cotuna (Pnar- 
reafinaiod on otdoaso 068 WW, catata njM iQiL 




b) V&ro Tfansbalan and Oreaa^LMdng 
TnaiabaJOna find caaannavpnsc^dBBdon Bxperbnsnts ifore pa> 
named as do t cn aa d provtou^y oalm W libs (Promaoa) OOeran 
at tL, 199BX For tfmartE&Uon eapenmente, bvnsboJtan reactions 
«iore defied ihMy Ones wStti p hospta t e birred aaSnO) treated 
wan Bfcraatdfinyda at room tomporaon tor 20 rrun> wsm too mM 
of m-HCi(pH7^)nvSQ mW and auhjecnal to t mmunp^aac (p tattoo 
efter oddUon of en oqvalvoluma of TUT buffer fffaCl JoOmM, Trfe- 
m20tnMIpH?.ATifganXrlO0 l%supBlDmofnod«rtDiproreasR 
and phoBpfoOasa umtbsora). 

biun i MMt^^mt a<tf ifAasaA^ayf 

Cytopttsmfe 03dracts wore WisetDd to IinmunaprecIptaUon wttfi 
antHRIUI sntioody, antMCEMQ, Or prehnrnuna fartan m TNT OWitW 
end BoDeetad an prases A-Sephareaa bee da amkn were then 
wasbed three tfmes wbh TUT bdHtar end three tones wOJi Una to 
bitrer Ota mre hepe3» io mM UgCL i00 aM H^vcu, so mU 
O^r j u wu^iuhp neta, 1 mM OTT, » mM Wad IpH <ituwatflfiO> 
Hons arere ba- so nda at SOTS using & pa of [y^PMTP end GST* 
IkBo 11 79wM type or GST-tsBn (i-7E)sa2A/S2SA rnutsnt protBln 
as sdbsoasss. Tte laaeaon pnmete 

poryacoiamsot pee end revested by ouionHlio^yepny for 3 hr at 




aaddodtolfi ul of binding 
burrerdOmM HEPE3 \pH 7^]. 100 mM NsCl t mM EOTA, 10% 
atyaeral ItnsO, 1 og pafy W-dCJ, and as ng *P*bixtad >B dtODO 
dsrfrad fromtha H-SH'promoter poefmetewimendtfisubatsd 
far 30 mki at room tEorperalua. 3amplBS ware run oo a 694 pojj- 
oCfytamiOO OjOl Qt OtSX jb£. 



Ttfi oeifa, a rnurme T eel hybrfdoina (PysnJoX ot aL, 1SS4X were 
caJburedlaDalaaaar^caajllBdEBBjB^ 
10% fetal bovino sanan, Tow wHh* Oam exponendsty grewtno 
TBS oeDa vas used as bminftae for cDNA syntnssio, using rantfoin 
bexamer primers. Procedures far cDKA cp«no» and cloinrj ware 
as dasEribad prOMOUiy (Wnacftaad et bL 1885). The cONA was 
Byned baopCTVl<JMrtEtada0l, 199a yteaihtj 3.B X IO 1 CORA 
ctoocs. CompfcUBcs oftho lorartos w«ro k foltesw LIS. 410000 
cfaaes PLS fcb and 14* tin, 600000 dDnesr^s^.S Id^TRoPrreo* 
na^£oot»*kanj^Con^WMUSOd Sre ttaaajaattt aaareaaanarSli 
DMA from die US or LSS Uaanes. TO dOttrnti&e 010 ViTOS titer on 
SR ceKa, a cDNA Baary 020) cfanad Into the pCTVl vector 
OWtitenead et bU ISflfi). w«ch carrtes a hygrocnyobi ra atttan ca 
qsobj wasoansreaorel bytna cakdum pnasanaremadaaSbtbaP4reo* 
nbKco ceSs. and ore fasuSam snpeiieuaraa were dtered by tna 
epfreenmce of b^pornycbi reefstent GR CbHSj Tltt Gfirary produced 
vSraJtawof ^ 1 X lO^mL We produced *»aJ B ^ t efnabaa a tor 
o aandemen t a t a ai eaaanm entt x 
10" Ptaermi crfbj oSatod 34 or eaf ore wonKkugollneUScrUfi 
Bbreiy DMA Jn tha presenoa of 25 bM cnleroqiAto. Sopcrnatinta 
wa recovered ovary 11 ftrfrom n~lt Kr alter tnvufecUon and 
eBner bnmadbtefy usad for faftacdan of nil cab or finap frozen at 
dry losardBbxeda^OnC. AsproifmBterylO^hlloeOaarerepIt^ 
12-1S br before cdecBon oa e 100 mm peoi <Ssb end exposed to I 
rm of Wai EUponojantintna presence cTlmJ of coridxfcnedroedhim 
»roiiff agofBa a^ 

drevtnd Guptrnarenw85tamoved end eels ease cutonad far an 
a rtrftbwi . il 24 hr la a a r uuriiuuaath rnarttan. Bbxocafin 9 was added 
tn e Baal oorantraflon of 1 0 oo/mJ IS rren^mraetion.Trresalao* 
Can mooixm wai roptocad at toast s days, and n» rusuKzr* 
cea cfcmaa were taotata d arim cfca d ag cylndora, WO UBBd a total Of 
so x io* era ccoa ear saaenan wnn ware aoca abadnad osfaaj ^0 
og of US or L» Corary OKA end testy t 



We aeadd Baa to oandi S. Kemat Ctebnit Pasted for AO of tfw 
EFi4ac2 coRotnaa; F. Atsade DnsCtut PesOKf) for tna gft cf tna 
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tor Che gift of the HTUM -LTR -tuo wcmr, A. VEOateftl OCGS UHvot* 
say) tormocBt oftho Pemil vector, J, A. Hkmsto and ml fcafa 
(UCSttforOnsUlafstM^aamSnfieaaR. frabtrentShntfard 
Ulttontty) for tho $n of the oIQbcZ^Q {tend, G. P. Ratal 
fhtertftrd Ut&rersfty) tor the gfft of the PhenB-EcD ceQ line* OHO M. 
Varon Cnsnrt Pasteur) Bar hGtnjl CBcumons. S. V, would Qke is 
thank Or. Maaakexn Ksianafca tor Ms anm ourtag fcotxfen of 
SR colli G. G» trtiKs 10 thank J.-C, Spinas ft* constat* support 
ttawtfwiMB pxoJeo-S, T. W. fethorecfc^cfatOloanfttprtorn 
AEMdattoa HMO*** Recerchea ear te SUs (ANRS)> end A W. 
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Selective Inhibition of NF-kB 
Activation by a Peptide That 
Blocks the Interaction of NEMO 
with the IkB Kinase Complex 

Judith caadtner/ Jordan & Fober* &enka* Ghosh** 



Activation of the transcription Factor nvdear factor (NF)-«B by pmtnRamma* 
tuyAbnuU leads to Increased expression of gents (nvotved In infumniat! on. 
Accretion Of NF-kB retires the actfvfty of an InhlWtor of *fl (I KB}-tinas* (IKK) 
oaiipU^coBtaWng tsw kinases (IKKa and (KK0) and the regulatory protein 
tmo (NF-KBossential modtfter). An amfno-tetmlnala^cllcal region erW«o 
associated with h GHtexyKtemrinal segment of IKKa and IKKA that we term 
the NfMO-btading domain (NBD). a «U*p«mifcabto NBD peptide blocked a* 
sedation of NEMO with the IKK complex and Wifcfted cyto|tfm>4Aife«t?d NF-*B 
acflwflofi and NNcB-dependem gem expmston. Tho peptide ebo ameUo- 
rajed Mamraatoiy responses In two experimental mouse models of acute 

wmdd block proinflammatory activation of the IKK comply without inhlhmna 
basal NF-kB activity. * 



The regulatory protein NfiMO (alw named 
is required thr rmMnflammatory ac- 
tivation of the iKB-fcUuao (IKK) coop tea 
(V-^S). We surmised that prevention of the 
NEMO-IRK interaction would inhibit sig- 
oal-laAiced NF-aB ecdvarfon end, there- 
fore, attempted to identify the rnechapism 
of Interaction between NEMO end iKKfl. 
Wo analyzed the interaction of NEMO 
maed at tta NH-f-temlmij to glutathione 
Stta m fa ss a (OST-NBMO, see Fig. IA) 
wiib IKK3 rntanna lacking the catalytic, 
leucine lippar, and helix-loop-oelix (HtH) 
dotnalna (FJg. iA and (d)J. None of the 
mutants Interacted with GST, whereas all 
three COOH-cenninal fragments (307-756*, 
45S-7S6, and 4R6-75ft) Interacted with 

•feefcrc cf broisnofciotoaf and Depmment <tf Mo- 
lw*tfB»phjffitt and fsodmnaarx, MmuadMnjbei 
Kerfka! timastt, tott Utftarffci Sdoot of ItaSSZ 
tow Kareq, CT QfiSTO, USA, «^ Je^ltmaiU Pft> 
£S. L * , J[^^g e 5»^ Tlfaa^faneata Beyer 

of Medkfce. New Msveq, CT 0653* USA, 



GST-NEMO [Fig. LA and (7)1. None of the 
NH^terrnJoal fragments (1-458, 1-603, ot 
l-«4) precipitated whh GST-NEMO, 
dernongtnutafl Oat NEMO interns ts with 
the COOH-tennbmf of IKKJ3 distal to the 
HLH. An QCK0 mutant eoneisting of only 
oealdnes 644 to 756 associated with GST- 
NEMO, confirming that this region medi- 
ate! interaction between die molecules 
(Ffe. IB). FunJuamaiQ, lKK0(644-756) 
dosc-dcpcndcntly inhibited cytokine*in> 
duoed NF-kB activation in tmnaftcted 
HcU ee)H (Fig. 1C and (6 t fi)], The most 
likely explanation for this icsnjt is that 
ovctcxpceixed OCXp(544-756) assoctzta 
with endogenous NEMO and movents re- 
emitment of regulatory p r otein s to the 
IKK-ccmpIex. 

To identic the domain ofNBMO (IS, 9) 
required for association wtfh IKKp, wo ana- 
lyzed the interaction of GST-IKJC£(644- 
756) with trancados mmants of NEMO 
{Pig. IOX IKKW544-7S6) associated with 
NEMO finogments 1-196, 1-302, and 44- 
419 hat not 197-4 19 or 66-41 9, mdicamuj 
that the tntefsction domain lies between 



30. Wt eaak c tktdmer for dteskae, v. ujrain 
tbr cflj«i tn lj cnthftrw<ftatc^flnd8.BdanaarH 
tWMipyw fa; cJk prortteicr rvitantx. MH^ 
SL b a ttikrm at tf» Ha e> WCM fc g* J«ftmg. The 
5Wa>te caontmtea hwt bees Cepcdttd b* Om 
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ossidues44and86, A deletion mutant lack- 
tag this a-holloa] region (residues 50-93, 
deloU) did not interact with IKK&(644- 
756) (Fig. IE) end inhibited tumor necrosis 
actor-* (TNF^Madnced NF-kB activity 
(Fig, IF), confirming the dnminan>nsga« 
thre effects of tan NEMO COOH-tennima 
(2, i> These findings luggost that too NH^< 
tennhms of NEMO anehoa it to the IKK* 
complex, leaving the remainder of tho mol- 
ecule accessible fbr loJeracting with regu> 
iatojy pfoteina* 

The COOH-tcrelinU? contains a 
region with identity to ncKot (denoted a,), 
a serins-* ich domain (iO), and a aeriscftee 
fegion (Fig. 2A). AnalyalB of IKK0 mo- 
tants ooiUting each of these cegmenn indi- 
cated that NEMO associates with tha 
COOHHerminvs after residue 734 (Fig. 
2AX The region of lKXp from F734 to 
T744 [Oj in Fig. 2B {II)} contains a seg- 
ment that la identical to the equivalent 
sequence in OCKn. The DCX0 sequence 
then extends for 12 residues fanning a 
glutamate-rich region (Fig, 2B) that we 
speculated would bo the NEMO interaction 
domain. However, a truncation * n r M*n 
omitting this region (1-744) associated 
with GST-NEMO (Fig. 2Q. Thus, tha 
NEMO-interactinn domain of 1KKJ1 ap- 
pears to be within the atresias of the 
COOH-tcrmttrUS. 

Wo nest used the IKK« 1-744) and (I- 
733) couttuta to dwennfne the effects of 
NEMO association on DCK0 activhy end 
found mat DOC3(l~733) induced NF-kB ac- 
thamm that was ap mnahnatel y L5 to 2 times 
chat induced by wileVtype JKK& (Fig, 20). 
FurthcnncTD, NF-kB activity induced by 
lKKfl( 1-744) was identical to that tndoned 
by wild-typo XKK^. Thus, NEMO rcsy main- 
tzin basal IKKp ectidty as weP aa 1 
lis aignaMntaiced aettvation. 

Because tho o^-icgion of IKK& 1 
blea the'COOH-termhma of IKKa (Fig. 
2D), we tested tho eWlUy of IKKn to Inter- 
act with NEMO (71 IKKa and 1KX3 ex- 
pnasod in wheat gem extract both aasoet* 
ated wim GST-NEMO dcmonsxwtmg that 
the imflvidnal Intezactlnns are direct (Fig, 
3A). Further analysis revealed that IKKa 
interacts with NEMO through the COOK- 
terminal region containing the sia amino 
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acid* shared with the g^-region of 11CK0 
(Fig- la cowrest, the IKKncUtcd fel- 
UCICf (/J), which docs not contain an 
,-hnmologoiJt region, failed to uuctoet 
th NEMO (7), <ren^ targeting dam* 
enstrsted a profound difference between 
UCJCa and IKK0 activation by TNF-ct (/J). 
Our findings suggest that this difference is 
not duo to dlflereniial Interaction with 
NEMO. 

A mutant of IKK0 lading tho Bin 
region residues did not associate with GST- 
NEMO (Fig. 3C). Therefore, wo have named 
this sequence (he NEMO-hindins domain 
(NBD) (7), We examined the effects of point 
nmtihons within the NBD and found that 
replacement of D738, W739. or W741 with 
alanine prevented association with NEMO 
(Fig. 3D). In contrast, replacement of L737, 
ST40, or L742 with alanine did not eflfcet 
NEMO binding (Pig. 3D). To testthe effects 
of tew mutations on 1KK$ function, wc 



REP ftTS 

measured NF-kB activation In transacted 
He La cells. Consistent with previous results 
(Tig. 2D), mutants that <fld not bind NEMO 
activated NP-eB to a greater extent man did 
wild-type OCK0 or IKKftl-W), whereas 
NEMO-Wndfug mutants activated to the 
same level as the controls (Fig. 3E)- These 
dsn strongly support (ho hypothesis that 
NEMO pstys a role in the dowDHcaufeSenof 
1KK0 activity. 

the abflily to selectively inbiWt NF-aB 
activation I nduced hy p mtn ffa mrruatoxy cyto- 
kines may be emend for mo treatment of 
Inflammation. However, inhibition of the cat- 
alytic activity of the IKKa may Mock hasal 
NF-aB eeUvjty and Impair its function as a 
survival fectoz, leading CO potentially toxic 
side effects. Wo reasoned that a more effec- 
tive aatHofianintttory drug rnightresuiifrnm 
blocking the interaction of NEMO with the 
IKK complex Therefore, wo designed ceU- 
* peptides (//, 14) Bpanmag the 



1KK0 NBD and dctcrniincd their ability to 
disrupt Che BCK0-NEMO Lttteracttani The 
wild-type NBD peptide (Fig. 4A) consisted 
of the region tan T73S to B745 of KKJi 
fused with a sequence derived from the An* 
tcjansped ia h cm codorasui that mediates 
membrane translocation (J J), Urn mutant 
peptide was identical except that W739 and 
W741 in tho NBD were umtstcd to alanines 
(Fig. 4A). Only tho wild-type NBD peptide 
dfwp-di*pffrt*^***^p inhibited in vitro ^^tmp* 
tion ofIKK0 with NEMO (Fig- 4B). Further- 
more, after herniating HaLa cells with the 
peptides, the wild-type, hot not the mutant, 
NBD pepehfa disrupted f isolation of the en* 
Oogenous UCK complex (Fig. 4Q. 

The elmem of the NBD peptides on IKK 
activation were determined by uarnune-conv 
plax kinnso assays (/d) by using DCK oom- 
pfescs precipmued frem TNF-<*— stimulated 
HeLa cells pretreatod with peptides. The 
wild-type, hot not the i 
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tfw COOH -Ujirihaifc of 

iaa wui me fiist 

oHbe&cd regtoo of 
NtHQ. (A) GST and 
CST NEMO were pre- 
ejj ptefcfl d wBh aJutamV 



by SOS-RAGE fiojU 
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each were used ti anV 
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are indicated (+}. m 
tn vteo translated 
OCIffi and Dtk£(644- 
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whit peDNA-a.t-» 
Wess (sector) or 025, OS. or ID ugMtfjoxoss-tased rKX0{844- 
tnRrtfxr wfth the ptlDC-lucfenns reporter ptisrttkj [26), Aftfir 
^ hours, cats were treated wHb either INPa (10 ngAn!" " 
OTtatodfii (10 myrot) Cdnded) for a * 
ectWty waameguredlBl ' 
(inset) demoastratts 
«ICP(644-756). (D) After ^ 
C5T and CST(D44-Vsfi) w« l_ l 

snd stained with Cooraaxsie blue (bPt panel). Equal amounts of 
each were used for subsetpxent finaiysa. Tnmeatien rnutano of 
NEKO were constructed fc-^ coHed eoO; 12, leueSne sippart expressed, and used for podl^lcwn analysis [right panel see (& 24) J, end Intaractlng 
mujanteare buScated (+>. Nona of the mutants interacted with GST (f7% (I) WOd-typc NEMO and a reutank lading tho tint a^isllcal region 
(deUH) wero cxpmssed Jinput) and used top uU-down tnt^ili by ui^ the prvtvins \n (t>, tofl). ^ NFkB activity tn KeU cellj trnnrfFCtiuJ 
whA^iix^nEiferase and ehher pcfiNA-S (vector) or deioH (0-aA OS. or uo pgArd) for 48 hours than treated lot 4 hours with TNf-o (to 



. tmmunoblot anahoSs uslruj ant}-xpres i I I " *1 

the Inereaslng tsveis of eKpressed m l^^l ml I 
fcer s^otan^toias-aganase precipitation, ~ 1 I J 
ted Tby 50S-PAGE (10«) 
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creased TOF-a-tadneed IKK activity [Fig. 
4D sad. (7)], whereas neither peptide inhibit- 
ed TNP-o-Jnduoed pnryyfroryhlion of c-Jua 



Rep sts 

(7), Htectrophocctic maWttty shift Dialysis 
(EMSA) denmnatrated that only me wild- 
type peptide Mtfbftcd TNF<e- stirnaletcd au- 

IlltBflCfiQn 



NEMO 
+ 




**3<7S*.7SBJ ¥ T 
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Ffe. 1. 1f» DBp re£on required lor interaction wttfcNB*a.(*} 
Truncation mutanti of QCKp WMdseMmCOOH^mdu 
(1-733). the scfre-*n ngm (1-707), the Eerfnt rfoVdomata * « 

(i-«2), and the a- region (1-C44) were wed for pctf-down 5 
«W by CSMSMO pfe. lALKfine of the mutants taraaedwttOT(r71«Ctemtfstt<rftftt 
CDCM-tsmfctl of OOBa and OCKp Meeting tfca «u and gMamaia^ r^ra^ dwite idertic^ 
amino ads (shaded), ft) WEeHypo 009 «/* tf» Motion mutants {t-733 and W^t^ws 
osed lor h yarn puQ-daiasi Mndt trim e&her CST or G5T-NEHO. (0} NF-kB ttAitsf ai Has eels 
tramfeeted wSm 1 jigmi of the kidkated otnssmm or vector (pdDNA-3) together with psax- 



ctear fnnmfncatioit of NF*«B in HeLa cdU 
(Fig. 4E), whereas neither peptide affected 
DNA himfinjj of tbe transcription factor 
Oct-1 (17), Forth rmrrre, the wild -type NBD 
peptide inhibited TNT-ar-inrincKl NF-tcB ac- 
tivity (Fig. 4F, tipper panel). Basal NF-kB 
cetlvhy was enhanced j^ipiujumately twofold 
by the wild-type peptide (Fig. 4F, lower pan- 
el), suggesting that removal of NEMO slight- 
ly increases the basal, Intrinsic activity of das 
IKK complex white abolishing iti tesponr 
sxvcacsS to TNF-n. 

Many genes involved la inflammation 
are regulated by NF-*B (ifi). E-selectln la o 
leukocyte adhesion molecule expressed by 
vascular endothelial cell* after activation 
by proinflammatory cytokines (19). To as- 
sess me ant2-wrlaimB*T9ry potential of the 
NBD peptides, wo pretreafed hTlTT,gw umbil- 
ical vela endothelial celb vim the peptides 
then indncod E-scIeetin expression, with 
TNF-a. The wild-type peptide caused tow- 
level expression of E-selectia (Fig. 5 AX 
However, TNF-a-roduccd E-oelectin was 
diminished in cells treated with wad-type, 
but not mutant, peptide (Fig. 5 A). The 
wild-typo NBD peptide also inhibited tPS- 
ladnced nitric oxide (NO) release from b 
i cell line (7), 
i of the NBD peptide* in vivo 
In two distinct experimental 
moose models of acute mfa^m^DatioB. Eir 
edema lrnmced with, phorbei 12-tByristate 13- 
scetato (PMA) (20, 21) was reduced by the 
wfhUype peptide (T? ± innibuka) as 
t tB s dMj w dcxarnemasoae (82 ± 9% in- 
hlbutieaX whereas the renmnt was less effco- 
tive (27 ± 9%) (Fig. SC), Neither peptide had 
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any tBtet m the absence of PMA (17). In 
another tmwfet, peritoniiia wag in duced in 
mice by intnpeiitOGral utfocttoo of zymosan. 



Reports 

ether •Vmn en In cmnhhtstinn with dcxa- 
tncthaaoac or the NBD peptides (22, 23). 
Zyxnosan in^ectxoo canned accBBBuhdoo of 
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toflammatoty caudate flaida and nngctflao of 
polymorptmnirrlnr cells into the pertamsnm 
ihat was Inhibited hy demncth a sone flttd tha 
wild-type, out bos the mutant, NBD peptide 
(Fig. 3D). Deaam ctt B sone and wBd-type 
peptide also lednted NO acennxuhtta la tfas 
pftrittmeam of these animals (7). Wo fbc<e- 
ftn ©onchide that the wihMype NBD peptide 
Is an eflbciK o inhibitor of inflanxinaiioa fit 

In snznmfiiy, we have identified the stiuc- 
^t^j fiBSjaiieseota £or che flssoriatfao of 
NEMO with do KKfl and ravoafcd that 
NEMO not only Amotions in the activation of 

sic, basal activity of the IKK complex, pmga 
targeting the HC&NBMD ixcnaactioa may bo 
of clinical importance far the coomrf of in- 
flammation, and as the NBD Is only an ^ m 
on acids ion& It should be possible to design 
pc pUflfl i iilniet te ^"'"pffuHfT that distant the 
NHMO-DCK tntenktifffl, Snch drugs would 
proved Activating signals ftoss renchfn? ths 
IKK. compkx yet maintain, a low level of 
NF-kB aetfvhy that may be required to avoid 
potential undo aide effects. 
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